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Abstract 
Utilization of Ni2+/Ni4+ double redox couple in electrochemical reactions has been tested as a way to 
gauge usel l  properties such as high capacity in electrode materials. The feasibility of a Ni2+/Ni"+ active 
redox couple is confirmed in a new layered electmde material, L&.9Ni0.45T&.5502. First principles 
calculations combined with experiments show that the degree of cation disordering in the material arising 
fiom both synthesis conditions and the electrochemical reaction is critical in performance of this material as 
the electrode. In an attempt to l l l y  utilize Ni2+/Ni4+ double redox couple, Li2Ni02 in the Immm structure 
was successfully synthesized and its electrochemical behavior upon delithiation was evaluated. The 
material shows a high specific charge capacity of about 320 r n M g  and discharge capacity of about 240 
mAh/g at the first cycle. The stability of Li2NiOz in the Immm structure is attributed to the more favorable 
Li m g e m e n t  possible as compared to a Li2Ni02 structure with octahedral Ni. The electrochemical data, 
first principles calculation and EXAFS analysis all indicate that the orthorhombic Immm structure is rather 
prone to phase transformation to a close-packed layered structure during the electrochemical cycling. The 
possibility of stabilizing the orthorhombic Immm structure during the electrochemical cycling by partial 
substitution of Ni is also evaluated. First principles computations of some chemically substituted materials 
identified Pt substitution as a way of stabilizing the Li2(Ni,M)02 composition in the Irnmm structure but 
found no elements that would likely stabilize the material upon Li removal. 
The second part of the thesis is focused on designing high rate capable electrode materials. We 
systematically investigated several of the factors that influence the migration barrier for Li motion in 
layered oxides with the 0 3  structure using fir& principles methods, and found that the two dominant effects 
are the Li slab spacing which determines the compressive stress on Li when it is in the tetrahedral site, and 
the electrostatic repulsion Li experiences there from the transition metal ion. The other factors investigated 
(non-transition metal doping, Li-metal site exchange) can be reduced to the effect they have on the 
electrostatic and Li-slab factor. We have used these first principles results as key strategies for increasing 
the rate capability of layered cathode materials and applied them to Li(Nio.5~.s)02,  a safe, inexpensive 
, , . . . . material that has been thought to have poor intrinsic rate capability. Structural modification of 
. J L '  Li(Nio.S&.5)02 according to first prknciples'guideline leads this novel material to retain its capacity at high 
rates in agreement with the theoretical predictions. The rate capability tests show that even at a 6C 
disckge rate (1C= 280mAtg) it can deliver over 1 8 O W g .  The best electrochemical data published for 
this material shows that it can deliver about 130mAWg at a 2C rate, and there is no data available for a rate 
as high as 6C. The electron microscopy shows that the particle size of this material is about two times 
bigger than- the conventional Li(&.sMn,,s)02. This implies that with proper engineering optimization in 
processing (i.e. synthesis temperature, time etc.) this material can show even better rate capability. 
~hksis  Supervisor: Gerbrand Ceder 
Title: R. P. Simmons Professor of Materials Science and Engineering 
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Introduction 
Chapter 1 
Motivation & Outline 
Lithium rechargeable batteries have enjoyed widespread use over the past two decades as a 
convenient power source for portable devices (Figure 1-1). Their high energy density and power 
make it possible for cellular phones and laptop computers to be used for a reasonable amount of 
time [6]. However, as technology creates more complex portable devices with many functions, 
there are more demands for higher power, energy density, and longer cycle life with reduced cost. 
Figure 1-1 (a) various portable devices, (b) Prius, HEV by Toyota 
For portable electric gadgets (Figure 1 - 1 (a)) that require only a small amount of current during 
operation, battery research is focused on developing high energy density batteries with reduced 
cost to extend the runtime of the device. The energy density of a battery is mainly determined by 
the product of the voltage and the specific capacity of the cell, and these properties are primarily a 
h c t i o n  of the electrode materials in the cell. Intensive research has been carried out to improve 
the currently used cathode material, LiCo02 [7-111. However, due to the high cost of Co, and 
structural deterioration of LiCoO? when large amounts of Li are removed from LiCoO? (a natural 
part of the chargeldischarge cycle), more recent research has focused on finding entirely new 
electrode materials [7- 121. 
Among the candidate electrode materials, LiNio.5Mno.s02 has been highlighted as a next 
generation electrode material [7, 131. Its high energy density, safety, and low cost make it an 
exciting option as electrode. Most importantly, the science behind LiNi0.5Mi0.502 is unique in that 
two transition metal components (Ni and Mn) contribute to important properties in two different 
ways. In LiNiQ.SMno.s02, ~ n ' ~  is electrochemically inactive throughout the deiintercalation of Li, 
playing the role of a structure stabilizer, and Ni" is the only redox element to contribute to the 
specific capacity [7, 13, 141. As will be discussed in the following chapters, ~ i "  is oxidized to 
Ni" and ~ i ' ~  during the deintercalation, and ~ i ' ~  is reduced back to ~ i ' ~  and Ni" in the 
intercalation. In addition, the observed voltages for the two different redox reaction i .e. ~ i " lN i ' ~  
and ~ i ' ~ / N i + ~  are similar due to the electronic structure of Ni in the octahedral site (its 
equilibrium position in the LiNi0.5Mno.502 structure). 
This double redox couple of ~ i " / N i ' ~  occurring at similar voltages opens up a new way to 
find a high capacity electrode material. While conventional LiM02 (M=Co, Ni, Mn etc.) 
intercalation compounds derive their electrochemical activity from a single ~ ' ~ i h i l "  redox couple, 
contributing only one electron per transition metal, the double redox couple can deliver two 
electrons per transition metal. Therefore, the specific capacity can, in theory, be doubled by using 
~i+ ' /Ni+~.  The first part of this thesis describes attempts to develop a high capacity electrode 
material using the ~ i " / N i " ~  redox couple. 
We approached this project by combining first principles calculations directly with 
experimental synthesis and analysis. First principles calculations have been a useful tool in 
studying key properties in electrode materials such as electronic structure, voltage, and phase 
stability [ 15- 181. Having proven predictive power, first principles calculations have even made it 
possible to extract important electrochemical information about materials prior to synthesis. 
Combined with experimental investigations, first principles calculations can help in 
understanding properties of electrode materials more rapidly. Also, a combined approach can help 
guide the discovery of new electrode materials efficiently. The exploration of new high energy 
density materials utilizing Nif2/Nit4 will be performed through the direct integration of 
experimental work and first principles calculations. 
For some larger scale battery applications (Figure 1-l(b)), such as in hybrid electric vehicles 
(HEV), or power tools, the rate capability of the battery becomes crucial in addition to the high 
energy density. In HEV, the materials in the rechargeable battery must be able to charge 
sufficiently fast to take advantage of regenerative braking, otherwise much of the fuel savings are 
lost. In power tools, the current available from the battery should be high enough to give the 
desirable power. Due to the successful launch of the HEV by several major automobile 
manufacturers, (e.g. the Toyota Prius (Figure 1-l(b)), demand for high rate capable batteries with 
higher energy density and reduced cost is expected. 
However, thus far only batteries with other chemistries (e.g. low energy density Ni-MH, Ni- 
Cd batteries) have been used for high power applications, and available Li rechargeable batteries 
have not been able to meet the requirements for those applications (power, safety, calendar life, 
cost and so on). In particular, Li battery technologies seriously lose their advantage on high 
energy density when a high current is drawn, making them less attractive in high rate applications 
(Figure 1-2). 
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Figure 1-2 Ragone plot of Li ion battery using various current electrodes [l]  . Burden of the 
cell, module, and battery externals are not included. 
The rate capability of the Li rechargeable battery is critically dependent on how fast Li ions 
and electrons can move in the battery. As will be described in more detail in the next chapter, the 
lithium rechargeable battery is composed of three main components - negative electrode, 
electrolyte and positive electrode. In charging, the ~ i '  in the positive electrode diffuses out of the 
host and moves toward the negative electrode through the electrolyte, while the electrons moves 
through the external circuit to the negative electrode. In discharging, the flows of electrons and Li 
ions are reversed. High power applications require the Li diffusion to take place fast enough to 
supply the electrical current. Li difisivity in the electrode is usually orders of magnitude lower 
than that in the electrolyte [19-221, and as such, Li diffusion in the electrode is considered to be 
critical in supporting the rate capability. 
Understanding Li diffusion in the battery, especially in the electrode material is crucial to 
developing higher rate capable materials. Unfortunately, studies of intrinsic Li diffusion in 
materials experimentally is often quite complicated due to many external factors involved such as 
grain size distribution, morphology, and the presence of defects in the structure [6,2 1, 23-3 11. To 
study intrinsic Li diffusion, these external parameters have to be carefully controlled. Due to 
these factors, systematic studies of Li diffusion are complex. 
In investigating the intrinsic Li diffusion, first principles calculations have proven to be quite 
successful. Having complete control over the system of interest makes it possible to study Li 
diffusion phenomena much more closely. By providing accurate and reliable energy surfaces one 
can identi@ and characterize possible Li motion pathways and their kinetics [32-351. In the 
second part of this thesis, I will attempt to understand the factors affecting Li mobility in 
electrode materials and apply knowledge obtained from the theoretical work to develop a new 
class of electrode materials with both high power and energy density. 
The objective of the first part of my thesis is to discover new high energy density electrode 
materials that use the ~ i ' ' ~ i ' ~  double redox couple, and understand their electrochemical 
properties by combining first principles calculations and experimental techniques. The objective 
of the second part of my thesis is to experimentally develop a high power density electrode 
material based on the knowledge obtained from a systematic first principles study. Chapter 2 
gives a brief description of an electrochemical Li cell and intercalation compounds. In Chapter 3, 
I introduce density functional theory and show how first principles calculations can be used to 
study various important electrochemical properties. In Chapter 4, details on the development of a 
high capacity electrode will be presented. Chapter 5 describes the efforts to develop high power 
electrodes, and finally, Chapter 6 summarizes with conclusions. 
Chapter 2 
Electrochemical Cells and Li Intercalation 
compounds 
A battery is a device that converts chemical energy into electrical energy and vice versa. Li 
secondary (rechargeable) batteries consist of several electrochemical cells that are connected in 
parallel andor in series to provide the required capacity and voltage, respectively. Each cell 
usually has two intercalation compounds separated by an electrolyte. One intercalation solid acts 
as the positive electrode, and the other as the negative electrode. Upon charge, ~ i +  ions diffuse 
out of the positive electrode, pass through the electrolyte and are intercalated into the negative 
electrode host, whereas e- pass through an external circuit performing work. The performance of a 
battery depends intimately on the solid state chemistry of the electrodes [36, 371. In this chapter, 
we will see how a lithium electrochemical cell works (2.1) and discuss the role of intercalation 
compounds in electrochemical cells (2.2). 
2.1 Electrochemical Li cells 
An electrochemical cell is constructed so as to convert stored chemical energy into useful 
electrical energy. Rechargeable cells (or secondary cells) are capable of reversibly converting 
electrical energy back into chemical energy so that they can be used more than once. Among 
many electrochemical cells, lithium secondary cells are technologically very important for several 
state-of-the-art applications due to their very high energy density. The high energy density of 
lithium secondary cells is made possible by lithium which is the very electro-positive and the 
third lightest element in the periodic table. When intercalated into intercalation compounds, 
lithium often exhibits remarkably low chemical potential vs. lithium metal, ensuring high 
potential of an electrochemical cell. 
Important components of an electrochemical cell are the positive electrode, negative electrode, 
and the electrolyte (Figure 2-1). The positive electrode is a thin mixture layer of a powdered 
cathode material, binder and conductive additives mounted on a current collector. The negative 
electrode is a thin layer of powdered graphite, or other type of carbons mounted on a current 
collector. Conductive additives such as super carbon are added to the positive electrode to 
enhance the electrical contact between cathode particles. A binder is used for cohesion among the 
electrode components. Finally, the two electrodes are separated by a porous plastic film 
(separator) soaked in non-aqueous electrolyte. The electrolyte contains dissociated Li salts, which 
enhance ion transport between the two electrodes. The electrolyte, in good contact with the 
electrodes, acts as the electrical insulator so that all the electrons flow through the external circuit. 
The voltage of a lithium cell is established by the difference in chemical potential of lithium 
between the electrode materials (Figure 2-1). Hence, the combination of positive and negative 
electrode determines the observed potential of a cell. The material where Li resides at high 
chemical potential such as graphite, Li metal or Li alloy, is the negative electrode material. In 
most commercial batteries, graphite is used due to its safety and good cyclibility. A low chemical 
potential is established on the positive electrode side by selecting a transition metal oxide or 
sulfide that can intercalate Li ions. Most research on positive electrodes is currently focused on 
transition metal oxides, as they deliver a higher cell voltage than sulfides. 
Figure 2-1 Schematic description of Li secondary battery 
Charge and discharge of a cell occur through the intercalation ideintercalation process at the 
electrode driven by the reduction of the electrochemical potential of Li. During the discharge of a 
lithium cell, at the negative electrode, Li dissociates into Li ions and electrons; 
x Li (metal) C + x ~ i +  (in solution) + x e- 
The ions move to the positive electrode through the electrolyte, and electrons move through 
the external circuit performing work. At the positive electrode, the Li ions intercalate into the host 
structure of the transition metal oxide (MO,) and the oxide is reduced; 
Upon charge, an external power supply is used to increase the electrochemical potential of Li at 
the positive electrode side, extracting electrons and Li ions from the host structure and depositing 
both at the negative electrode, while the positive electrode is oxidized. 
The choice of electrode materials is of importance in the performance of a cell, since the 
electrochemical reaction in a cell is intimately tied to the electrode materials. The key parameters 
for electrode materials are 
9 Gravimetric/ Volumetric energy density 
9 Rate capability (power density) 
P Cycle life (Stability) 
9 Cost 
P Toxicity (environmentally benign) 
9 Safety 
The gravimetric (or volumetric) energy density is defined as the energy per unit weight (or 
unit volume), which is equal to the product of the lithium cell voltage and specific capacity (in 
Wh/kg or Whll). The cell voltage is determined by the difference in the electrochemical potential 
of Li between two electrodes as shown in the equation in Figure 2.1. Most transition metal oxides 
26 
exhibit a voltage of - 4 V when the negative electrode is lithium metal. The specific capacity of 
an electrode can be calculated using the following equation: 
- - - -  - 
Specific Capacity = x- [IIL&/~] 
A 1  3600 
where Ax is the number of moles of Li that can participate in the electrochemical reaction (most 
cases delintercalation) reversibly and M is the molar mass of the electrode compound. Ax in the 
intercalation electrode indicates how much of Li ions can be reversibly (i.e. without structural 
instability) charged in the structure without significant change in the chemical potential of Li (i.e. 
in the useful voltage window). AX depends on the crystal structure of the electrode material, such 
as the number and the size of empty interstitial sites suitable for lithium intercalation. 
The power density of a lithium cell is defined as the battery power per unit weight (Wlkg). It 
is the product of the current in the lithium cell and the cell voltage. Also it can be simply thought 
as the energy density divided by the time of cell discharging. The power density is determined by 
the cell impedance arising from various factors such as the Li diffusion (in the electrodes, 
electrolyte and at the interface), electric resistance fiom cell geometry, solvation/desolvation 
kinetics of Li salts, and others. Among them, Li diffusion in the solid electrode material is 
considered to be critical in the rate capability of a cell. 
Cycle life is defined as the number of charge/discharge cycles that can be performed before 
the cell specific capacity falls below a certain cut-off limit. The cycle life is dependent on many 
factors such as formation of a stable SEI (Solid Electrolyte Interphase) layer, stability of 
electrolyte, and structural stability of electrodes. Most of all, the cycle life is believed to depend 
primarily on the stability of the electrode material during operation. 
2.2 Li Intercalation compounds 
As active electrode materials in Li rechargeable batteries, intercalation compounds are 
appropriate and have been most widely used due to their peculiar ability to accommodate foreign 
species such as Li over large concentration intervals. Good intercalation compounds have open 
one, two, or three dimensional channels through which guest ions can migrate moderately quickly. 
The transition metal tri-chalcogenides like TiS3 and NbSe3 which possess unlinked channels are 
examples of one-dimensional hosts (Figure 2-2(a)) [38]. Two dimensional hosts include layered 
dichalcogenides whose structure have empty spaces between layers of MX2 (M: transition metal, 
X: chalcogenide such as 0 and S) that can accommodate Li (Figure 2-2(b)) [6, 391. Examples of 
three dimensional hosts are transition metal oxide spinels, vanadium oxides and NASICONs, all 
of which possess a three dimensional mesh of cross linked channels (Figure 2-2(c)) [40-421. Li 
moves in and out of the compound through these different channels. The rate at which lithium 
ions can be removed and inserted into the intercalation compounds is largely dependent on the 
mobility of the Li ions within the host which in turn is determined by factors such as the crystal 
structure and electronic structure of the host. Jn addition, the electrical conductivity is critical as 
electron flow needs to compensate for Li ion flow. 
Intercalation compounds can readily accommodate Li because the transition metal in the host 
can easily change its valence state. Lithium intercalation into the host leads to a change in the 
electronic properties of the transition metal and its anion fiamework. As lithium is added, its 
valence electron is generally donated to the host where it can either shift the valence state of the 
transition metal ion and/or alter the nature of the bonds between the transition metal and the 
chalcogenide ions. 
Figure 2-2 (a), (b), (c). Examples of 1 , 2  and 3 dimensional Li hosts, respectively 
Most technologically important examples of intercalation compounds are transition metal 
oxides with a layered structure (03 type). The layered lithium transition metal oxide consists of 
close-packed oxygen planes, which are stacked in a sequential way of ABCABC.. . (Figure 2-3). 
Between the oxygen planes layers of transition metal ions alternate with layers of lithium ions. 
This type of layered structure is so called 0 3  according to the nomenclature proposed by Delmas 
and Hagenmuller [43]. The first letter (0)  refers to the sites of alkali ion (in this case Li in 
octahedral sites), and the following number (3) represents the number of transition metal slabs 
along the c - axis in the hexagonal unit cell. Most usefkl layered transition metal oxides at their 
l l l y  lithiated states adopt 0 3  type structure, and typically exhibit rhombohedral ~3 m symmetry. 
Among 0 3  type layered transition metal oxides, LiCoOz and LiNi02 were the first to be 
investigated as electrode materials. LiCoO? is the positive electrode material that was used in the 
one of the first commercially successful rechargeable Li batteries, and has been used most widely 
until now. It is a nearly ideal layered intercalation compound with rhombohedral R?  m space 
group [44, 451. LiCoOz can be easily synthesized and enables a fast and reversible lithium 
intercalation. However, in practice, only half of the Li available for operation are reversibly 
cycled due to many issues such as safety and cyclability[6, 15,46401. 
0 octahedra surrounding CQ 
Edge sharing 0 octahedra in Li plane 
Face sharing 0 octahedra i n  Li plane 
03 host structure 
Figure 2-3 0 3  type oxygen stacking sequences in LiCo02 [5]  
LiNi02 is isostructural with LiCo02. Since Ni is more readily available than Co and its 
theoretical specific capacity is comparable with LiCo02, the use of layered LiNi02 was pursued 
as a battery cathode. However, obtaining stoichiometric LiNiOz is extremely difficult and excess 
Ni in the form of Lil-yNil+y02 is always present in the compound due to similar ionic size of ~ i ' +  
and ~ i '  [51-581. The electrochemical properties of LiNiOz dramatically deteriorate with excess 
Ni [52, 531. People have suspected that excess Ni in the Li layer reduces the Li diffusion 
coefficient [52,  531. However, a more severe problem is that LiNiOz at the highly delithiated state 
is unstable due to its high effective equilibrium oxygen partial pressure causing a serious safety 
problem [5 9-62]. 
More recently, multi-transition-metal layered oxides such as Li(Ni,Co)OZ, Li(Ni,Co,Mn)02 
and Li(Li,Ni,Mn)02 have been investigated as cathode materials research 13, 8, 10, 63, 641. The 
synergetic effects of each transition metal in this class of materials in terms of specific capacity, 
safety and rate capability are great enough to draw substantial attention from researchers [3, 8, 10, 
50, 63, 65-69]. Among them, LiNio.5Mno.502 has gained a vast amount of attention [3, 101. While 
most layered oxides containing a significant amount of Mn have suffered from phase 
transformation [70-721, this material has been demonstrated to be very stable over cycles [3, 101. 
Even though there are some uncertainties still remaining on the structure of this material 
especially with different Li compositions, several interesting features have been observed. In 
LiNio.sMno.sOz, Ni and Mn are respectively in the +2 and +4 state [73, 741. Only Ni exchanges 
two electrons between ~ i ' ~  and Ni4', while Mn remains at a 4+ oxidation state during the 
chargeldischarge cycle. Since is very stable in the octahedral site (due to its half filled tz, 
band), it functions as a structure stabilizer. Also, the structural distortion that is ofien observed 
with Jahn-Teller active ~ n ~ ' ,  or Mn ion migration due to charge disproportion of ~ n ) '  to Mn4+ 
and mobile Mn", are avoided. 
Detailed experimental studies show that LiNio.5Mno.sOz has a substantial amount of Li/Ni site 
exchange (around 9% ) [lo]. 6 ~ i  MAS NMR confirms the presence of ~ i '  in the transition metal 
layer [75, 761. This is likely due to the similar ionic size of ~ i '  and ~ i ~ '  which reduces the driving 
force for layering [54]. 
Makimura et al. obtained a reversible capacity of 200rnAhIg in the potential window 2.5- 
4.5V at a slow rate (0. 17mAlcm2) and a good cycling efficiency up to 30 cycles (Figure 2-4) [3]. 
Lu et al. reported a stable capacity of 140mAh/g at a 10mA/g rate between 3 to 4.4V and 
200mAhlg at a SrnAlg rate between 2.OV to 4.8V [lo]. It is remarkable that LiNio.5Mno.502 shows 
high reversible specific capacity even with 9% of excess Ni in the Li layer, while a similar degree 
of Ni in the Li layer in LiNiOz makes the material almost completely inactive electrochemically 
Figure 2-4 Charge and discharge curves of a Li/LiNil:2Mn1/202 cell operated in voltages of 
2.5-4.5 V at a rate of 0.17 mA ~ r n - ~  for 30 cycles [3]. 
Chapter 3 
First Principles Calculations 
3.1 First Principles Calculations; 
Introduction to DFT (Density Functional Theory) 
First principles calculations or ab initio calculations, as implied in its name, are distinguished 
from empirical methods in requiring only rudimentary information such as nuclear charges, and 
number of electrons as inputs. Energy, structure, and other properties of a material are calculated 
from these inputs through the application of an approximation to quantum mechanics, without 
any fitting parameters. 
The objective of a first principles calculation is to obtain the wave function containing all the 
information of a given system, by solving the time-dependent Schrodinger equation. However, 
since our investigation targets mainly the energy of the material, only the time independent 
Schrodinger equation obtained by separation of variables is considered. 
In (3. I), H is the Harniltonian operator, y/ is the wave function and E is the total energy of the 
system. For systems with many particles (i. e. electrons and nuclei) such as a compound, equation 
3.1 is intractable. Hence it is necessary to introduce a number of approximations in reaching a 
solution. Within the Born-Oppenheimer approximation, the electrons are assumed to move so 
much faster than nuclei that they instantly adjust their state to any change in the positions of the 
nuclei. The coordinates of the nuclei x, act simply as parameters in the Hamiltonian that can be 
written as 
where T is kinetic energy operator of electron ,Vee is the Coulomb interactions between the 
electrons and the third term describes the Coulomb interactions between the electrons and the 
nuclei. The last term which is referred to as the Ewald or Madelung energy arises from the 
Coulomb interaction between nuclei having charge Z,, and can be dropped in solving the 
electronic wave fbnction since it is simply an additive term. 
This still formidable equation can be solved with further techniques, for example, using the 
Rayleigh Ritz variational theorem. The variational method [77] is based on the fact that given an 
arbitrary square integrable function g, , an upper bound for the ground state energy E, of the 
system governed by the Hamiltonian H is provided by 
By optimizing p and hence minimizing the upper bound iteratively, the hc t iona l  E [ q ]  is 
minimized to the ground state energy E,. Incorporating a Slater determinant of single electron 
orbitals as a trial function p into variational method leads to the canonical Hartree-Fock 
equations and their solutions, which is called the Hartree-Fock approximation [78-811. 
A different approach to solving 3.1 is with density functional theory (DFT) [82, 831. It is 
noteworthy that DFT can be less complicated due to its use of the three coordinate electron 
density compared to the 4N (N: total number of electrons) coordinate electron wave function in 
Hartree-Fock. The fundamental principle of DFT is the Hohenberg-Kohn theorem that the ground 
state properties of a substance are uniquely determined by the electron density and the ground 
state energy is a functional of the electron density [82]. The ground state energy is represented as 
with 
- 
where F[p] is a universal functional and v(r) is the Coulomb potential due to the nuclei of the 
system. According to DFT, if the universal functional F b ]  were known, the ground state energy 
of the system with external potential v(;) is obtained by variationally minimizing the functional 
E b ]  with respect to p using the electron density as the variational quantity. 
However, F[p] is not known and approximations to it are necessary. Kohn and Sham [84] 
introduced a different separation of &I] by writing it as 
where Ts [p] is the kinetic energy of non-interacting electrons and Jlp],  which is referred to as the 
Hartree term, is a classical Coulomb energy. The last term Ex&], called the exchange-correlation 
energy, includes the difference in kinetic energies between non-interacting electrons introduced in 
(3.6) and real electrons in (3.5) as well as a correction to Jlp] arising from the correlations 
between electrons. The non-interacting electron kinetic energy functional T, [ p ]  can be calculated 
exactly with a Slater determinant of independent electron orbitals. The minimization of E[p] 
ultimately leads to N one-electron equations of the form 
- 
- 6J[pl+ 6E,[pl V ,  (r) = v(r) + -
6~ 6~ 
These equations are called the Kohn-Sham equations and need to be solved self-consistently 
due to the dependence of vef on p(r). 
However, they are not still exact because Ex&] is not known. One of the most common 
approximations to ExcCp] is the local density approximation (LDA) suggested by Kohn and Sham 
1841. Within LDA, Exc[p] is written as 
where E, is the exchange-correlation energy per electron for a uniform electron gas. LDA, 
therefore, assumes E, is local. Purdue and Yue developed the generalized gradient 
approximation (GGA) to address problem of the LDA by incorporating polynomial terms with 
the modulus of the electron density gradient [85, 861. 
No strict guidelines exist as to when GGA is better than LDA, or vice-versa. In this work 
GGA is chosen as it typically does better reproducing spin polarization on transition metal ions in 
oxides. Among many numerical programs for solving the Kohn-Sham equations, we have chosen 
VASP (Vienna Ab intio Simulation Package) that solves the Kohn-Sham equations iteratively for 
valence orbitals using Projector Augmented Wave (PAW) potentials [87]. 
3.2 Application of first principles calculations to determine battery 
properties 
By solving the Kohn-Sham equation, we can obtain properties that are crucial to materials for 
electrochemical applications [32, 34, 88, 891. In this chapter we briefly provide the basic ideas on 
how properties, such as intercalation voltage (3.2. l), structural stability of a material (3.2.2) and 
Li diffusivity (3.2.3), can be obtained from first principles calculations. 
3.2.1 Li intercalation Voltage 
As mentioned before, the equilibrium intercalation voltage depends on the chemical potential 
difference of lithium in the anode and cathode. The lithium chemical potential is the partial 
derivative of the free energy of the material with lithium composition. The open-circuit voltage at 
the intercalation level of LixMX is obtained by 
where z is the charge on the lithium ion in the electrolyte (z = 1) and e is the electron charge. If 
the anode is composed of pure metallic lithium, pyd" is constant, and the voltage change with 
cathode the depth of intercalation (x) is only dependent on the change in pLi ( x )  . In most cases, the 
average voltage is of main interest, though it is possible to compute the voltage as a function of 
lithium composition at the expense of computing cost [15, 901. The average voltage between x = 
xl and x = XI is easily obtained by integrating (3.10) in that range. 
where AG is the Gibbs free energy for the reaction 
L i,, MX(cathode) + (x,  - x, ) L i(anode) -t L i,t, (3.1 2) 
The reaction free energy, AG, can be broken into three parts by AG - AE + PA V - TAS . The 
internal energy change, AE, can be obtained from first principles calculations on each material at 
zero K. P A V  can be neglected for a solid state reaction where volume change are usually small. In 
fact P A V  is of the order of eV, whereas AE is of the order of 3 to 4 eV per molecule. TAS can 
also be neglected since its value is only the order of the thermal energy, which is about 0.025eV. 
Therefore, AG can be approximated by the AE with very small error, enabling the fairly correct 
voltage prediction from first principles [ 1 8, 88,9 11. 
3.2.2 Structural stability 
During the intercalation/deintercalation reaction, some candidate electrode materials 
experience phase transformations. Irreversible phase transformations cause capacity loss if the 
transformed structure is not electrochemically active in the desired voltage or rate range. Also, 
some reversible phase transformations can affect the integrity of structures when the volume 
change involved is significant. First principles calculations can predict the phase transformation 
during the Li delintercalation, since the energetically favorable phase can be easily determined to 
a first approximation by total energy calculations. However, predicting phase transformations is 
often not a simple task if competitive structures are not known. All possible candidates for a 
stable structure at each Li composition should be considered and the total energy of all the 
structures should be calculated for comparison. In practice, it is nearly impossible to find all 
possible structures, and the computational cost of total energy calculations of these structures is 
often extremely high. Nevertheless, some experimental information available about the structure 
at certain Li composition can be a great help to reduce the efforts and make determining a stable 
phase much more efficient. For example, a spinel structure (LiA&O4, where M is a transition 
metal) is often observed to be a competing structure when half of Li is removed from a layered 
structure in most lithium transition metal oxides (LiMO?). One can easily calculate and compare 
the energies of those two structures and get an idea about driving force andlor the mechanism for 
the possible phase transformation [92]. 
Also, some techniques which deal with partial disorder efficiently such as the cluster 
expansion can be useful [93-951. The cluster expansion technique is particularly helpful in 
handling candidate structures with partial Li occupancies in Li sites that arise from Li 
delintercalation reaction. The dependence of the energy on the site disorder can be parameterized 
with a cluster expansion if there is no major structural modification. Only the total energy of a 
manageable number of configurations is required to parameterize the cluster expansion correctly. 
Once the function between energy and Li composition for candidates structures is constructed, the 
stable phase(s) at the composition of interest are determined, therefore, the phase transformation 
can be predicted [ 1 51. 
3.2.3 Li diffusivity 
Li diffusivity in electrode materials can be estimated from first principles calculations. 
Diffusion is a non-equilibrium phenomenon that refers to the transport of atoms over a chemical 
potential gradient. However, when kinetic phenomena proceed not too far from equilibrium but 
rather evolve between states that are in local equilibrium [96], the kinetic parameters such as the 
difhsivity can be determined by considering the decay of fluctuations at equilibrium [96-1061. 
Consideration of relevant fluctuations at thermodynamic equilibrium leads to Kubo-Green 
type of equations [S]; 
D =  k i m [ ( ( ( t ) ]  a h x  t+s 2dt N (3.14) 
where N is the number of Li ions, 6N is the fluctuation of the number of Li ions within a 
reference volume, v is the particle velocity, x is the fraction of occupied Li sites, d is the 
dimension of the host and r is the position of the particle. 
Li ions spend most of their time at crystallographically well defined equilibrium sites and 
only a very small fi-action of time is spent occupying paths connecting adjacent sites. Therefore, 
Li motion can be viewed as a succession of discrete hops and be modeled stochastieally. A good 
approximation for the frequency with which Li ions hop between adjacent sites is transition state 
theory [107]. The transition theory converts the complexity of the many dynamic trajectories a 
typical atom follows before it actually hops, into a probabilistic frequency that, on average, gives 
the rate with which an atom performs a hop. In transition state theory, the hop frequency is 
written by 
where v* is a vibrational prefactor and AEb is an energy difference between the initial state and 
the activated state, that is, an activation barrier. 
Several methods exist for finding the activated state and the activation barriers with first 
principles methods. The elastic band method enables the determination of the minimum energy 
path between two energetically stable end-points [log]. In this scheme, intermediate states are 
interpolated between initial and final states, and allowed to relax according to the energy 
landscape. Intermediate states are bound to one another with so called 'rubber band' or 'elastic 
band' so that they do not entirely relax back to their stable end points. The relaxed intermediate 
states along the energy landscape (first principles energies) follow the minimum energy path and 
give the activation barrier. 
All the possible diffusion paths are tested as above yielding activation barriers for each path. 
Considering all the paths tested, numerical simulations such as kinetic Monte Carlo enable an 
explicit simulation of the migration of Li ions using the jump frequency obtained by (3.15) with 
the aid of cluster expansions to parameterize the first principles activation barrier if it depends on 
the environment. The parameters in (3.14) can be identified through the multiple Monte Carlo and 
kinetic Monte Carlo simulations to give the Li diffusivity [32]. 
A High Capacity electrode 
Chapter 4 
Designing a high capacity electrode 
With ever increasing demands for high capacity batteries and rapidly advancing mobile 
technologies, the importance of developing high capacity electrode materials has never been 
higher. The battery capacity, the amount of charge the battery can provide with one charge, is 
directly related to the specific capacity of the electrode material in the battery. As briefly 
mentioned in Part I, the number of moles of Li that can reversibly participate in the 
electrochemical reaction determines the specific capacity of an electrode. In most cases, the 
electrochemical reaction involves the delintercalation of Li into the host structure. 
In designing high capacity electrodes, it is crucial to understand the essential factors that 
determine the amount of Li that can be reversibly delintercalated frodinto an electrode material. 
For example, the host structure should have an abundance of sites for Li. While Li usually 
occupies either tetrahedral or octahedral sites in most transition metal oxides, the number of these 
sites is determined by how oxygen atoms are arranged and where the transition metals are 
situated in the oxygen framework. For example, in the 03-type layered materials, oxygen is 
stacked in a close-packed ABCABC.. . fashion and transition metals occupy octahedral sites. Li 
ions at the voltage range of interest occupy nearly all of available octahedral sites remaining 
while tetrahedral site are only accessible at practically too low voltage. Often, the number of 
available Li octahedral sites excluding those occupied by transition metals is typically one per 
two oxygen atoms. 
The host material should also be able to easily adapt to electronic structure changes. The 
reversible dehntercalation requires the material to adapt electron charge alteration in the host due 
to the change in the electron count upon dellithiation. The transition metal in the host structure 
plays an important role in distributing charge added or lost during delintercalation. This is 
because in most cases, the transition metal redox couple is located near the Fermi level as shown 
for typical electrode materials in Figure 4-1. As a result, the transition metal species and its 
oxidation state significantly affect Li capacity of cell even for a fixed host structure. 
Figure 4-1 The schematic pictures of energy vs. density of states for Li,TiS2 (left) and 
Lil-yCo02 (right). [2] 
4.1 Advantage of the Ni2+/Ni4+ redox couple 
In order to increase the capacity of an electrode material, more Li should be able to 
reversibly intercalate into the host. However, the intercalation of more than one Li per formula 
unit of Li,M02 (M=transition metal) at a reasonable voltage range requires not only more 
available Li sites but also active transition metal redox couples (Table 4-1). Active redox couples 
are necessary since Li donates electrons to the host upon lithiation. Conventional layered 
materials are electrochemically active by the reversible M ~ + / M ~ +  redox couple contributing one 
electron per transition metal with lithiation or delithiation. Therefore, the number of redox 
couples in Li,M02 is just right for one Li intercalation per one formula unit, and the host cannot 
accommodate further dellithiation. Additional reduction or oxidation of this redox couple usually 
results in either a very unstable oxidation state or voltage that is too low. 
Oht-ine (h12+ R13+) 1  3 5  4 S \ '  5 1 1 -  
Layered (h13+ h14+) 4 3.9\- 
Table 4-1 Equilibrium potential (vs. Lithium metal) of each transition metal redox 
couple at olivine or layered structures [4]. 
However, recently it has been demonstrated theoretically [14] and experimentally [7, 131 
that a ~i'+/'Ni'+ double redox couple is accessed in Li(Nio.jMnoj)Oz. While has given up its 
role as an electrochemically active center and is present only as filler, Ni is the only transition 
metal that is reversibly reduced or oxidized contributing two electrons in these materials. More 
importantly, unlike other transition metal species, the voltages exhibited by two different redox 
couples i.e. Ni2+/Ni3+ and Ni3+/Ni4+, are reasonably similar and in a range of practical interest. 
This can lead to a new way to develop a high capacity electrode material. By doubling the 
electron capacity using Ni'+/Ni4+, the electronic limitation with dellithiation becomes less critical. 
It implies that if the material contains only electrochemically active Nit2 without structural fillers 
like h4n4+, the host has enough electron capability to cycle 2 Li per transition metal. The 
theoretical capacity of 280mAWg of Li(Nio,sMno.s)Oz can increase up to 549 mAWg of a material 
with a composition such as LizNiOZ. As long as half of the transition metals are ~ i "  in the 
layered structure, electrochemical properties can be optimally tuned, for example, by replacing 
Mn with other elements without sacrificing specific capacity. 
The interesting double Ni2+/~i4' redox couple is probably due to Ni's unique electronic 
structure in the octahedral site (Figure 4-2). While Ni4+ has a relatively stable configuration of 
filled tzg orbitals in the octahedral site, Ni3+ becomes energetically unstable due to its unpaired 
electron in an e, orbital. The unpaired e, electron can be easily stabilized either by removing it 
(Nit4) or making it paired (Nii2), therefore, making the transition between ~ i "  and Ni4+ more 
feasible. 
In the following section 4.2, 1 have tried to confirm the feasibility of a Ni"/Ni4+ active redox 
couple in a new composition of material. In section 4.3, the fully utilizing the Ni"/Ni4+ redox 
couple without any structural filler is attempted. 
Figure 4-2.Schematic picture of the electronic configuration of Ni at different 
valence states in the octahedral coordination 
In this chapter, it is shown that a new layered structure with a composition of 
Lio.9~io.45,Tio.ss)02 where Ni is in +2 state can be synthesized. The structure of this new material 
is investigated using X-ray diffraction, its electrochemical properties as an electrode are explored 
using experimental and first principles tools. 
4.2.1 Motivation 
Since Mn in LiNio.sMno.502 acts only as structural filler without participating in the 
electrochemical reaction [7, 13, 73, 92, 1091, it is possible to think of a way to enhance the 
electrochemical property of this material by replacing Mn with another element. Since the 
element that replaces Mn does not need to be electrochemically active, it can be chosen to 
optimize certain other properties. Replacing Mu with lighter elements can increase the specific 
capacity. Also, cost, non-toxicity and safety issues may be optimized by finding species to 
replace Mn. The restrictions on a M n  modifier are: They should be stable in +4 state ensuring Ni 
is in the +2 state as prepared, and they should be able to fit into the octahedral sites keeping the 
layered host structure. Si may be stable in the +4 state when mixed with Ni in the transition metal 
layer, but it favors a tetrahedral coordination of oxygen. Another example, Co, can be very stable 
in the octahedral site and mixes with Ni very well, but becomes "+3" oxidizing ~ i ' '  to ~ i ~ + .  
As a potential analogue to ~ i ( ~ i + ~ ~ . ~ M n ~ + ~ . ~ ) 0 ~ ,  we have investigated ~ i ( N i + ~ ~ . ~ ~ i ~ + ~ . 3 0 ~ .  
Among the advantages in using Ti; its compounds can be readily obtained from very cheap 
precursors such as TiOz, possibly reducing the cost of material. In addition, Ti02 is non-toxic, and 
Ti is lighter than Mn. 
~i(Ni+*,~i~+)o~ is expected to be more difficult to synthesize in the layered ~3 m structure as 
both ~ i + ~  (0.83 A) and ~ i ~ +  (0.745 A) have relatively large ionic sizes, making them prone to 
mixing into the Li layer [54]. Indeed, a direct high temperature synthesis effort of Lix(Nil,Tiy)02 
led to disordered rocksalt structures for y20.4 [110]. Several investigators have doped small 
amounts of Ti into LiNi02 [I l l -1 131 in some cases leading to an improved capacity over 
undoped LiNi02. But, with increasing degree of Ti doping, the layered structure of the material 
deteriorates forming a rocksalt structure with a random distribution of Li, Ni and Ti in octahedral 
sites. 
Therefore, we attempted to synthesize layered Li(Ni,Ti)02 by ion-exchange from a 
Na(Ni,Ti)02 precursor. The major driving force to form a layered structure is the difference in the 
ionic size between two metal ions [54]. Therefore, using the bigger Na ion instead of Li will 
ensure a larger driving force favoring layering between the transition metal and Na. Once the 
layered Na phase is successfblly obtained, the low temperature ion-exchange of Na with Li will 
result in a layered Li phase. The low temperature process does not destruct the host structure and 
preserves the layered structure of Na phase. In the following, we investigate the structure and 
electrochemical behavior of Li(Ni,Ti)02 using a combination of experiments and first principles 
calculations. 
4.2.2 Experimental Observations 
The synthesis route of layered L ~ ( N ~ + ~ , T ~ ~ + ) O ~  is described in 4.2.2.1, investigation of the 
structure of the obtained material is done by X-ray diffraction in 4.2.2.2, and electrochemical 
properties are tested in 4.2.2.3. 
4.2.2.1. Preparation of material 
4.2.2.1.1. Nao.9NiOA5Tio,5502 - Synthesis and Structure 
The composition, Na0.9Ni0.45Tio.5502 was chosen to prevent the creation of a NiO impurity 
phase which always appeared in our trials to synthesize NaNio.5Tio.502. As a starting material for 
ion exchange, N%.9Ni0.45Ti0.5502 was prepared by solid-state reaction fiom Na2C03 (98+%, 
Aldrich), NiO (99.3%, J.T. Baker) and Ti02 anatase (99.9+%, Aldrich). Appropriate amounts of 
these starting materials were wet ball-milled for 1 day. After drying, this mixture was calcined at 
750°C for several hours, ground using a mortar, and pressed into a pellet shape. The pellet was 
heated at 1000°C for 14 hours in air or Ar (but both the results showed the same XRD pattern). 
Excess Na2C03 (10 mol%) was added to compensate for loss due to volatilization of sodium at 
high temperature. The structure of Nao.9Nio.4jTio.jj02 was refined with Fullprof [114]. The XRD 
pattern was recorded using a hgaku diffractometer equipped with a Cu-K, radiation by step 
scanning (0.02 or O.O1°/lOsec ) in the 28 range of 10-75". In order to prevent a preferred 
orientation of the material, XRD samples were prepared by spraying the powder to the holder 
which was pasted with adhesive. 
The color of the obtained powder was green, which is typical in materials containing ~ i + '  
ions. The XRD pattern of Na phase was obtained and refined with the Rietveld method. Figure 4: 
3 shows the XRD pattern and refined lattice parameters of Nao.9Nio.45Ti0.5502. Below the 
measured diffraction pattern is the calculated pattern for the a-NaFe02 (R-3m) structure with 
transition metals (Ni, Ti) in 3b (0,0,0.5) sites, Na in 3a (0,0,0) sites and 0 in 6c (0,0,z) sites, and 
the difference between the calculated and observed patterns. Rietveld refinement indicates less 
than 4% of cation mixing. No additional peaks suggesting ordering between transition metals (Ni 
and Ti) or between Na and vacancies have been observed. The refined structure parameters are a 
= 3.0054A and c = 16.1244A within a hexagonal setting, and are in good agreement with 
previous studies on this material [115, 1 161. 
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Figure 4-3 XRD pattern and Rietveld refinement of (a and c are the lattice 
parameters and z the atomic position of oxygen along the c axis.) 
The Na-containing green powder was wet ball-milled before ion exchange to reduce the 
particle size. Since the ion exchange involves the diffusion process of Li and Na in the material, 
small particles are desirable for a fast and complete ion-exchange. The powder was added to a 
solution of 5M LiBr 10 times excess in hexanol. The ion-exchange process was performed in 
120°C hexanol for 12 or 48 hours, or boiling (157°C) hexanol for 12 or 48 hours. After ion 
exchange, the mixture was filtered to recover the powder and rinsed with hexanol, distilled water 
and ethanol several times. Finally, the Li-containing light green powder was dried in air for one 
day in oven. 
The composition was determined with ICP (Inductively Coupled Plasma) to be 
Lio.79Nao.12Nio.46Tio.5401.995 after the ion-exchange. Different conditions in ion-exchange in the 
range of 120°C to 160 "C in temperature and 12-48 hours in time made very little difference in the 
composition of the obtained material. However, the strzrcture of obtained material is very 
sensitive to the condition of ion-exchange as will be discussed in the following section. 
4.2.2.2 Structure 
In Figure 4-4, the XRD pattern of the Li phase obtained under the ion-exchange condition of 
12 hours and 120°C is shown. The XRD pattern of the compound Lio.9Nio.45Tio.5502 shown in 
Figure 4-4 is similar to that of LiCo02 (a-NaFe02 type, space group R3-m) and can be indexed as 
a hexagonal lattice. This structure has Li ions at the 3a, the transition metal ions (Ni, Ti) at 3b and 
0 ions at 6c site. No superlattice peaks from Li-vacancy ordering or Ni-Ti ordering are present in 
the XRD pattern. The structural parameters, obtained from full pattern matching, are n = 2.9369A 
and c = 14.7164A within a hexagonal setting and are in reasonable agreement with the trends 
obtained by Kim and Amine for lower Ti contents [116, 1171. The composition was determined 
with ICP to be Lio.79Nao.lzNio.46Ti0.5401,995. he total transition metal content was fixed to be unity. 
Our XRD data indicates that the starting sodium precursor phase is not present anymore after the 
ion-exchange, and as such, the residual sodium ions are believed to be present with the lithium 
ions in the material obtained after the ion-exchange. This is indicated by the slightly larger values 
of a and c lattice parameters than the trends obtained by Kim & Amine (Figure 4-5) [116]. An 
accurate Rietveld refinement of site occupancies was not possible due to the relatively broad 
peaks in the pattern. These are likely caused by an inhomogeneous cation distribution with 
residual sodium in each particle after the ion-exchange. Also, the possibility of existence of 
stacking faults may not be ignored. The Na content was independent of ion exchange conditions 
in the range of times (12-48 hours) and temperatures (120-157OC) tested. 
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Figure 4-4 Full pattern matching of Li~.~Nio .45Ti0.5502 
However, the relative ratio of the (003) and the (1 04) peaks systematically decreased as the 
time and the temperature of the ion exchange process increased. The intensity of each peak (003) 
and (104) is integrated before being compared. From Figure 4-6((a)-(b)) and 4-6((c)-(d)), it can 
be seen that for a fixed ion exchange time, an increase in ion exchange temperature leads to a 
decrease in the ratio of the (003) to (104) peaks. Similarly, a decrease in exchange time leads to 
an observable increase in the ratio of the (003)/(104) peak intensities at a fixed temperature (e.g. 
compare pattern 4-6((a), (d)) and 4-6((b), (c)). It is known that the ratio value of (003)/(104) peak 
intensities decreases as the degree of cations mixing increases in the layered structure [7]. 
Therefore, our data indicate that longer time and higher temperature ion-exchange induces more 
cation disordering. When we tried to directly synthesize Li0.9Ni0.45Ti0.5502 from a solid-state 
reaction, the fully disordered Fm3m phase is formed (Figure 4-6(e)) in agreement with work by 
Chang [1 101. This indicates that disordering of cations is favored at elevated temperature. 
Figure 4-5 Lattice parameter comparison with literature values (rocksalt structure - shaded 
area) at different Ti composition [15]. The square dot indicates the measured value 
of ion-exchanged Li0.9Ni0.45Ti0.5502. 
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Figure 4-6 XRD of Li0.9Ni0.45Ti0.5502 obtained from different synthesis conditions 
We obtained further confirmation that prolonged high temperature exposure leads to more 
transition metal mixing into the Li layer by taking one of the best layered samples and heating it 
in air to 160°C, causing the (003)/(104) intensity ratio to decrease further (Figure 4-7). 
From the series of synthesis trials, we believe that the 12 hours ion-exchange at 120°C 
yielded the best layered structure. The structural data of this new material is now available in 
ICDD (International Center for Diffraction Data). [I181 
Figure 4-7 (a) Lio.9Nin,4jTio.aOz synthesized in boiling hexanol for 12 hours (b) after heating 
in the oven at 160°C for 2 days. 
4.2.2.3 Electrochemical Properties 
In order to test the electrochemical properties of Li0.YNi0.45Ti0.550L as an positive electrode, 
lithium cells were configured in the following way: Li/lM LiPF6 in EC: DMC=l:l(Merck) / 
Lio.9Nio.4jTio.j502 with carbon black (15 wt%) used as conductive agent and 
polyethylenetetrafluoride (PTFE)(5 wt%) as binder. Cells were assembled in an argon-filled 
glove box and cycled at room temperature using a Maccor 2200 operating in galvanostatic mode. 
The electrochemical performance of the samples was evaluated upon cycling in the 2.5-4.8V 
potential window at C/ 10, C/30 and C/50 rate. 
The electrochemical properties of three samples with different degrees of cation disordering 
were evaluated (Figure 4-8). The first charging capacities were about 110-150 mAhIg and the 
first discharge capacities were about 45-95 mAh/g at CIS0 rate indicating a significant capacity 
loss in the first cycle. Assuming that electrochemical redox couple is ~ i + ~ / N i + ~  in this material, 
the first charging capacity is far less than the theoretical capacity (265.1 mAhIg for 
Li0.9Ni0.45Ti0.5502)- 
We also compared the specific capacities at different C rates. As shown in Figure 4-9, the 
capacity reduces dramatically with increasing C-rate, indicating some transport limitation in the 
material. Moreover, the large potential drop after the first charging indicates that there is a large 
resistance in the cell, which we attribute to the large impedance on the positive electrode. 
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Figure 4-8 Galvanostatic cycling of Li0.9Ni0.45Ti0.5j01 samples 
m A h l g  
Figure 4-9 Galvanostatic cycling of Lio.9Nio.45Tio.5s02 ample (boiling hexanol, 12 
hours) at different C rate 
Surprisingly, the samples that are believed to be the most layered suffer the largest first-cycle 
capacity loss. While in-situ or post-cycling ex-situ XRD studies are required to clarify the 
structural changes associated with the capacity loss, we speculate that it may be related to ~ i ~ '  
migration into the Li layer, as has been observed for Na,Ti02 [119]. 
4.2.2.2. First Principles Observations 
We investigated the ideal structure with Ni/Ti=l, using first principles calculations in the 
Spin-polarized Generalized Gradient Approximation to Density Functional Theory. Calculations 
using finite supercells require one to adopt an ordered configuration for the Ni and Ti ions. The 
smallest supercell has two formula units and can have Ni and Ti ordered in either rows along one 
of the hexagonal axis, or zig-zag configurations. We tested both, but found no significant 
difference between them for the results reported here. 
4.2.3.1 Oxidation state and Voltage 
To determine the oxidation states, the electron spin is integrated around Ni and Ti. The result 
in Figure 4-10(b) for Li(Ni0.5Ti0. 5)02 gives no unpaired electrons for Ti and about 1.5 spin for Ni, 
corresponding to ~ i ~ '  and Ni" (approximately). Partial delithiation (Figure 4-10(a)) clearly leads 
to a decrease in spin density of Ni, indicating that ~ i + '  is oxidized to ~ i ' ~ .  Further Li removal was 
found to lead to ~ i ' ~ .  This result is similar to the LiNio,5Mno.jOz system where the redox couple is 
~ i + ' / N i + ~  while Mn acts only as a structure stabilizer [14]. The calculated average voltage 
between LiNi0.5Ti0.502 and Li0.5Ni0.5Ti0.j07 is 3.58V and the voltage between Li0.5Ni~.5Ti0.j0z and 
Ni0.5Ti0.j02 is 3.84V. Given that GGA calculations are often found to underestimate the voltage 
of the ~ i " / N i + ~  redox couple by about 0.7V, the charging voltage for LiNio,5Tio.50 may actually 
be quite high [14]. 
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Figure 4-10 The integrated spin as a function of integration radius (A) around Ni and Ti 
in (a) LiNio.5Tio.502 and (b) Lio.5Nio.5Tio.502. 
4.2.3.2 Electronic Structure 
The origin of the low capacity and significant capacity loss at the first cycle could lie in 
several factors. Poor capacity might be explained by the low electronic conductivity of this 
material. Several indirect attempts were made to evaluate the conductivity. One of them was to 
deduce information on conductivity from the calculated density of states of the lithiated and the 
partially delithiated states of this material. While band gaps are notoriously unreliable in LDA or 
GGA, some information on conductivity can be deduced from the nature of the occupied and 
lowest unoccupied states. Figure 4-1 1 shows the electronic density of states for LiNio.5Tio.502 and 
Lio.5Nio.5Ti0.502. In LiNi0.5Ti0.502, the Ferrni-level resides in a gap between the filled majority spin 
Ni eg states and the unfilled minority spin Ni e,. In Lio.5Nio.sTio.502, the Fermi-level is in the 
pseudo-gap between Ni eg states. Clearly at both Li compositions, the Ti states are rather far 
removed from the Fermi-level, and it is, therefore, likely that only Ni participates in the electronic 
conductivity in this material. Given that Ni occupies less than 50% of the transition metal layer 
positions and is randomly distributed, Ti rich regions can act to reduce electronic transport. We 
could not perform a direct electronic conductivity measurement on the samples as sintering them 
lead to irreversible structural changes even at low temperatures. Simple measurement of the 
resistivity of a pellet sample prepared by pressing at room temperature reveals the material as an 
insulator. 
. I ' 
- 6 -4 -2 4 
Energy (eV) 
majority spin 
spin 
Energy (eV)  
Figure 4-11 The spin density of state of the 3d orbitals of Ni and Ti in LiNi0.5Ti0.502 
(above) and Lio.sNio.sTio.sOz (below). 
4.2.3.3 Ti migration 
As shown in the electrochemical test, the best-layered Li0.9Ni0.45Ti0.5502 sample suffers the 
most severe capacity fade somewhat against our expectation. It is speculated that this is related to 
the Ti migration. Since Ti4+ has no d-electrons, ligand-field effects do not contribute to any 
octahedral stabilization energy. This may make Ti migration into the Li layer, which requires 
passing through tetrahedral sites, easier [92]. Using first principles calculations, we attempted to 
determine the activation barrier for ~ i ~ +  migration into the Li layer. For a transition metal ion to 
migrate into the Li layer, it needs to successively pass through an oxygen triangle connecting the 
octahedral site in the transition metal layer, a tetrahedral site and another oxygen triangle 
connecting it to the octahedral site in the Li layer. This migration path is complex with typically 
two maxima as the ion passes through the faces between the octahedral and tetrahedral, and a 
local minimum in the tetrahedral and octahedral sites. A Li tri-vacancy was always present in the 
calculations, as transition metals will not move into the tetrahedral site unless the three Li sites 
that share faces with it are vacant. Such tri-vacancies occur frequently at high states of charge. 
The result revealed a complicated dependence of Ti4+ stability on its local environment. Overall, 
~i~~ migration was easiest when surrounded by other Ti4+. In Li0.5TiOZ, a tetrahedral Ti defect 
actually lowers the energy by about 0.15eV. As Ti becomes surrounded by more ~ i + ~ ,  we found 
that migration of Ti into the tetrahedral site becomes unfavorable due to the strong electrostatic 
effective attraction between Ti4+ and ~ i + ~  in the transition metal layer. A Tif4 surrounded by only 
Nif2 requires about 0.45eV to go into the tetrahedral site. This may explain why small amounts of 
Ti doping in LiNi02 result in a very stable material with little capacity fade [117]. 
Given the high concentration of Tif4 in our sample, migration into the Li layer seems 
likely for the well-ordered samples (Figure 4-8(c) and @)). However, Ti migration can be 
somewhat difficult in partially disordered samples where some' amount of Li exists in the 
transition metal layer. If low valent ~ i +  is present in the transition metal layer, the high valent ~ i ~ +  
will electrostatically favor to surround the ~ i +  making a stable LiTis ring. The additional 
attractive interaction between Li and Ti will add to the activation barrier for Ti to move into the 
Li layer. As a result, less ~ i + ~  migration is expected during cycling. Also, it should be noted that 
if the sample has immobile transition metal ions in the Li layer, the probability that tri-vacancies, 
required for a Ti migration, occur in the Li layer during charging is significantly reduced. These 
factors may explain why the more disordered sample actually has smaller first-cycle capacity loss. 
The similar phenomenon of forming a stable ring of Li with high valence transition metal (h4n4+) 
is also observed in LiNio.sMno.sOz [1201. 
4.2.3.4. Li mobility 
The material has been shown to suffer from significant transport problems. This is in part 
explained by the poor electronic conductivity as described in the previous section. In addition, 
limited ionic conductivity can also contribute to poor rate capability. The sluggish Li mobility can 
result in large polarization in the charge and discharge process. As will be shown in section 5.1.4 
where I study the factors affecting the Li mobility, Li mobility is deteriorated if a significant 
portion of transition metal layer is occupied by an early transition metal element (Figure 4-12). 
Early transition metal elements tend to reduce electron density around oxygen due to their nature 
of bonding with oxygen. This induces a more reduced state of oxygen and leads to less effective 
screening of the interaction between Li and the transition metal in the activated state. As a result, 
the activation barriers for Li motion in early transition metal layered oxides tend to increase. A 
more detailed study will be shown in the Part I11 (5.1.4). 
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Figure 4-12 The activation bamer of Li motion as a function of Li slab space for various 
transition metal layered oxides. Refer to section 5.1.4 for a more detailed 
description. 
4.2.4 Conclusions 
A new layered Lio.9Nio.45Tio.s502 electrode material was synthesized by means of ion- 
exchange from Nao.9Niu.45Tio.5502. Powder X-ray diffraction (XRD) patterns for these materials 
indicate that they are isostructural with a-NaFeOz. The degree of cation disordering in the 
material depends critically on the synthesis conditions. Higher temperatures and longer ion- 
exchange times induce more cation disordering. Surprisingly, the partially disordered phase 
shows better capacity retention than the least disordered phase. First principles calculations 
suggest that the poor capacity retention in the least disordered phase could be attributed to the 
migration of ~ i + ~  into the Li layer during the electrochemical testing. The ~i~ migration seems to 
depend sensitively on the ~ i + ~ - ~ i + ~  conf guration in the transition metal layer. The poor transport 
properties of this material could be another reason for its low specific capacity. 
In this section, the full utilization of the ~ i ~ + / ~ i ~ +  redox couple without any structural 
filler is attempted. We find that accommodating two Li ions per formula unit (or per Ni) in the 
layered structure is not desirable due to the strong Li-Li repulsion fiom their short Li site distance. 
Rather, two Li ions per formula unit are found to be successfblly accommodated in a different 
type of structure (Immm-Li2Ni02). The electrochemical properties and phase stability of the 
Immm-Li2Ni02 are studied experimentally and with fllrst principles calculations. 
4.3.1 Motivation 
The successful demonstration of a ~ i + ~ / ~ i + ~  redox couple in layered LiNio.5&.s02 and 
Li0,9Ni0.45Ti0.5502 has been shown in the literature and in the previous section [7, 13, 14, 109, 121, 
1221. In these materials, Ni is cycled from +2 to +4 in a reasonable voltage range, while Mn or Ti 
remains electrochemically inactive. Theoretically, if the electrochemically inactive Mn or Ti can 
be removed from the structure, and Ni is the only transition metal in the structure, the specific 
capacity can be almost doubled by full utilization of ~ i + ~ / N i ~  double redox couple. A 
composition such as Li2NiOz has a theoretical specific capacity of 5 13 rnAh/g. 
Figure 4-13 Crystal structure of (a) IT-Li2Ni02 (Ni occupies the center of the octahedron 
(dark shaded) and Li occupies the center of a tetrahedron (light shaded)); (b) 
I-Li2Ni02 (Ni occupies the center of the rectangle (dark shaded) and Li 
occupies the center of a tetrahedron (light shaded).) 
Discovering structures that can accommodate 2 Li per Ni such as stoichiometric Li2Ni02 is 
crucial in proving this concept. Previously, Dahn et al. obtained 1T-LizNi02 by over-lithiation of 
layered LiNi02 with the R-3m structure [51]. However, there is a large potential step when going 
from LiNi02 to IT-Li2Ni02 making this structure not useful in this range for the practical 
applications. While this may be contradictory with the fact that the potential difference between 
~ i + ~ / N i + ~  and ~ i + ~ / N i + ~  is reasonably small in the materials investigated above, it is believed that 
the substantial potential step from LiNi02 to IT-Li2Ni02 originates from structural changes when 
inserting two Li ions per Ni. The structure, IT-Li2Ni02 is isostructural with Ni(OH)2 [Figure 4- 
13(a)] and forms a layered structure with layers of octahedral Ni and tetrahedral Li alternating 
between the close-packed oxygen planes. Upon over-discharge of R 3 m LiNi02, all the 
octahedral Li ions are moved into tetrahedral sites, and IT-Li2Ni02 is formed. However, the 
tetrahedral sites in IT-Li2Ni02 are rather close to one another compared to the distances between 
the octahedral sites in LiNi02, resulting in a large electrostatic repulsion between tetrahedral Li 
ions. This gives rise to considerably less stable Li sites in 1T-Li2Ni02 leading to a large potential 
drop in electrochemical cells. 
The ground state of Li2Ni02 is not the 1T structure, but an orthorhombic form in the Immrn 
space group. Heating 1T-Li2Ni02 induces a transformation to the Immm structure [51]. In this 
structure the Li-Li site distance (2.56A) is considerably larger than in 1T-Li2Ni02 (2.35A) 
reducing the electrostatic repulsion. Immm-Li2Ni02 (I-Li2Ni02, hereafter) can be described as a 
structure with chains of edge-shared [Ni04] squares where Ni is at the center of an oxygen 
rectangle. Li occupies tetrahedral sites as seen in Figure 4- 13(b). 
In this section I describe my work to synthesize the Immm form directly, and discuss the 
electrochemical properties and structural phase stability of I-Li2Ni02 on the basis of experimental 
results and first principles calculations. 
4.3.2 Experimental Observations 
The synthesis route of the orthorhombic I-Li2Ni02 is described in 4.3.2.1, a structural 
investigation of the obtained material is reported in 4.3.2.2, electrochemical properties are tested 
in 4.3.2.3, and a detailed structural investigation of the material before and after electrochemical 
reactions by XAS and EXAFS is studied in 4.3.2.4. 
4.3.2.1. Preparation of material 
Li2Ni02 was prepared through a solid-state reaction of a stoichiometric mixture of NiO and 
Li20 (99.5%, Alfa Aesar). NiO was obtained from calcination of Ni2C03 (99%, Alfa Aesar) at 
400°C for several hours. Appropriate amounts of these starting materials were ball-milled in an 
Ar atmosphere for one day. After recovering the mixture, it was pressed into a pellet, which was 
heated at 650°C for 24 hours in a homemade Ni tube filled with Ar. The as synthesized material 
was a dark green powder. 
4.3.2.2. Structure 
The structure of the obtained powder is investigated using x-ray diffraction. The XRD pattern 
was recorded using a Rigaku diffractometer equipped with a Cu-K, radiation by step scanning 
(O.Olo/lsec ) in the 20 range of 10-80'. The structure was refined with Fullprof [114]. Figure 4-14 
shows the XRD pattern and lattice parameters of Li2Ni02. Below the measured diffraction pattern 
are the calculated pattern for the orthorhombic Irnrnm structure with Ni in 2a (0, 0, 0) sites, Li in 
4i (0, 0, z(Li)) sites and 0 in 4j (0.5 ,O,z(O)) sites, and the difference between the calculated and 
observed patterns. Trace amounts of NiO are observed. The amount of NiO could be reduced, 
though not eliminated, by increasing the reaction time, adding extra Li to the synthesis, and 
reducing the particle size of the reagents. The refined structure parameters are in good agreement 
with previous studies [123]. In comparison, the first principles calculated lattice parameters are a 
= 3.803% b = 2.808A, c = 8.936A, which agree with the refined values to about 2%. 
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Figure 4-14 XRD pattern and Rietveld refinement of LizNiOz (a, b and c are the lattice 
parameters and z the atomic position of oxygen or Li along the c axis.) 
4.3.2.3. Electrochemical properties 
In testing the electrochemical properties of the synthesized material as a positive electrode, 
lithium cells were configured in the following way: LiIlM in EC (Ethylene 
Carbonate):DMC (Dimethylcarbonate)=l : l(Merck) 1 Li2Ni02 with carbon black (1 5 wt%; used as 
conductive agent) and polyethylenetetrafluoride (PTFE, 5 wt%; as binder). Cells were assembled 
in an argon-filled glove box and cycled at room temperature using a Maccor 2200 operating in 
galvanostatic mode. The electrochemical performance of the sample was evaluated upon cycling 
in the 1.5-4.5V potential window at a current density of 0 .5m~/cm~ (12.5rnAlg). 
Figure 4-15 Chargeldischarge curves for Li2Ni02 cycled in the voltage range 1.5- 
4.6V at the current density of 1 2 . 5 d g .  
Charge-discharge curves of a cell with the Li2Ni02 as a cathode are shown in galvanostatic 
mode in Figure 4-15. The first charging capacity is about 320 rnAh/g and the first discharge 
capacity is about 240 mAh/g at 1 2 . 5 d g  rate, indicating a significant capacity loss in the first 
cycle. The capacity is far less than the theoretical capacity (513 mAh/g) based on the ~ i + ~ / N i + ~  
redox couple. The first charge curve is clearly different from charging curves in subsequent 
cycles and is never recovered in the consecutive charging, while the first discharge curve is 
almost identical with other discharge curves. These results seem to indicate that an irreversible 
structural change occurs during the first cycle. The flat plateau at the very initial stage of the 
charge reflects the structural change likely a two-phase reaction. A bump before the first charge 
plateau is often observed in two-phase reactions when a kinetic barrier to nucleation of a second 
phase is present. In the discharge profile, there are clearly two plateaus observed at about 3.7V 
and 1.9V, respectively. These plateaus are also present in the charge curve, after the first cycle. 
These two plateaus occur at potentials characteristic of the layered LiNi02-layered Ni02 reaction 
(about 3.9V) [124], and 1 T-Li2Ni02-layered LiNi02 (experimentally about 1.9V) [5 11. 
Ex-situ XRD was performed to identify the suspected change in crystal structure. Figure 4-16 
shows the XRD patterns of the positive electrode before and after the electrochemical cycling. 
After cycling, only peaks from the NiO-impurity are visible and all diffraction lines of the Immm 
material have disappeared. The lack of any diffraction peaks besides the unreacted NiO, indicates 
that upon cycling I-Li2Ni02 has transformed completely to a material with very small crystallite 
size or with a fully amorphous structure. It is important to note that even though a pseudo- 
amorphous XRD pattern is observed, the electrochemical profile of the material retains the 
characteristics of crystalline layered LiNiO2. 
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Figure 4-16 XRD pattern of Li2NiOz before and after the cycling 
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4.3.2.4. XAS and EXAFS 
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In order to investigate further the structural change during the electrochemical reaction, an 
XAS (X-ray absorption spectra) and EXAFS (Extended X-ray Absorption Fine Structure) study 
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90 
has been done in collaboration with Prof. Bing Joe Hwang at the National Taiwan University of 
Science and Technology. In-situ XAS have been recorded at the beam line BL17C of the National 
Synchrotron Radiation Research Center (NSRRC) at Hsinchu, Taiwan. The storage ring was 
operated with an electron energy of 1.5GeV and a current between 100 and 200 mA. Data 
collection was carried out in transmission mode with a Si(ll1) double crystal monochromator. 
High order harmonics were eliminated by adjusting the parallelism of the monochromator crystals. 
The intensities of incident and transmitted beams were monitored using ionization chambers as 
detectors. The absorption of Ni metal foil was measured in transmission between the second and 
the third ionization chamber in order to calibrate the energy scale of the monochromator 
simultaneously. During in-situ XAS measurements, the beam size was limited by the horizontal 
and vertical slits with the area of 2x2 mrn2. 
Standard procedures were followed to analyze the EXAFS data. First, the raw absorption 
spectrum in the pre-edge region was fitted to a straight line and the background above the edge 
was fitted with a cubic spline. The EXAFS function x was obtained by subtracting the post-edge 
background from the overall absorption and then normalized with respect to the edge jump step. 
The normalized x(E) was transformed from energy space to k space, where k is the photoelectron 
wave vector. The ~ ( k )  data described the oscillation of the backscattering wave through the local 
environment of about -10A. For the Li2Ni02 material, the k3-weighted EXAFS spectra, k3oX(k), 
for the selected absorber Ni, were calculated to compensate the damping of the EXAFS 
oscillations in the high-k region. Subsequently, k3-weighted ~ ( k )  data in k-space ranging from 
3.45 to 10.318i1 was Fourier transformed (FT) to r-space in order to separate the EXAFS 
contributions fiom different coordination shells. A nonlinear least-squares algorithm was applied 
for curve fitting of the EXAFS results in real space between 0.92 and 3.048;'. 
The structure parameters such as coordination numbers (N), bond distances (R) and Debye- 
Waller factor were extracted by curve fitting analysis based on Winxas2.3. The theoretical 
EXAFS parameters, the backscattering amplitude and the phase shift, were calculated using the 
FEFF7 code [I251 for all possible scattering paths which were generated based on the known 
structures. The amplitude reduction factor S: was scaled to a fixed value of 0.812 after 
preliminary refinements. 
Figure 4-17 (a) k3-weighted EXAFS spectra and (b) FT magnitudes of k3-weighted at Ni K- 
edge as a function x in Li2;rNiOZ taken by Prof. Bing Joe Hwang' group. 
EXAFS spectra are the amplitude summation of the constructive and destructive scattering, 
which are influenced by the local structure surrounding the target atom. The A?-weighted EXAFS 
spectra and their Fourier Transform (FT) at the Ni K edge for Li2Ni02 as a function of state of 
charge are shown in Figure 4- 17(a) and Figure 4-17(b), respectively. The phase and amplitude of 
the FT spectra are uncorrected. Based on the crystal structure, two effective scattering paths are 
considered in the simulated results. From the previous XRD study, pristine Li2Ni02 exhibits an 
Immm space group. The first peak at -1.5A is assigned to the four oxygens in the first 
coordination shell around Ni. Furthermore, the second peak at -2.5A is assigned to the two Ni-Ni 
second coordination shells. The structural parameters describing the local environment for Liz- 
,Ni02 were obtained fkom the EXAFS data with Winxas2.3 and the FEFF7 code. In all cases, the 
value of the Residual factor defined by the following equation is less than 10, indicating that the 
fitting error is quite small. 
Residual factor (%) = '=' N x 100 
where yexp and yheo are experimental and theoretical data points, respectively. 
Figure 4-18 shows the change of coordination number for the Ni-0 and Ni-Ni shell in 
Li2Ni02 at different charge states. The coordination number for the Ni-0 and Ni-Ni shell is 
observed to increase fiom 3.9 to 5.4 and from 1.9 to 3.4, respectively as de-intercalation (x in Li2- 
,NiO2) increases from x=O to x=0.784 during the first charging process. The ratio of the Ni-Ni 
coordination number to the Ni-0 coordination number increases fiom 0.49 to 0.63. The 
coordination number increase with charging indicates the original structure transforms to more 
close-packed structure such as a layered structure. 
For a transformation from the Irnrnm to the layered structure, the coordination number for Ni- 
0 and Ni-Ni shell should change from 4 to 6 and 2 to 6, respectively. Meanwhile, the ratio of the 
Ni-Ni coordination number to the Ni-0 coordination number will increase from 0.5 to 1. Since 
EXAFS is an average technique, the coordination numbers probably represent a mixture of the 
Immm and layered structures. This EXAFS study implies that the Irnmm structure becomes 
unstable with delithiation and transforms to a layered-like structure during the charging process. 
Figure 4-18 The coordination number of the Ni-0 shell and Ni-Ni shell as well as their 
ratio versus x in Li2-xNi02 analyzed by Prof. Bing Joe Hwang's group. 
4.3.3 First Principles Observations 
In this section, the energetic driving force for candidate phase transformations is confirmed 
using first principles energy calculations, and the expected voltages based on the modeled 
structural change during the electrochemical reaction are compared to the experimental values 
(4.3.3.1). The strategy of stabilizing the orthorhombic phase by substitution is tested (4.3.3.2). 
Lastly, the Li mobility in the orthorhombic host is examined (4.3.3.3). 
4.3.3.1 Phase stability and Voltage 
To investigate the possible phase transformation, we compare calculated energy differences 
between the orthorhombic Irnmm structure and the layered R-3m structure as a function of Li 
content. All energies used for this phase stability study and potential prediction are calculated in 
the Spin-polarized Generalized Gradient Approximation to Density Functional Theory, using a 
plane-wave basis set and the Projector-Augmented Wave method as implemented in the Vienna 
ab initio simulation package (VASP). A plane-wave basis with kinetic energy cutoff of 400 eV 
was used, and reciprocal-space k-point grids between 12x14~8 and 8 x 8 ~ 8  were used depending 
on the structure and the size of the supercell considered. All structures were fully relaxed. For 
structures in which Ni ions carry a magnetic moment, the difference between antiferromagnetic 
and ferromagnetic spin ordering was also considered. The energy difference between spin 
configurations was never more than 5OmeV per Ni, and for all cases tested, the ferromagnetic 
state was the ground state. 
The first principles results (Figure 4-19) confirm that at Li2Ni02 composition Immm is the 
structure with the lowest energy. However, at composition, LiNiO*, the layered structure is 
already more stable than I-Li2Ni02 by about 0.2eV per formula unit. With all the lithium removed, 
the orthorhombic structure is extremely unstable and is about 1.5eV per formula unit higher than 
layered Ni02. Given this large driving force to convert to the layered form, it is unlikely that the 
Immm structure can persist at high level of Li deintercalation. 
Figure 4-19 The relative energy of two structures (layered R3-m and orthorhombic Immm) 
at different Li contents. 
The measured delithiation potentials can give some insight into the transformation 
mechanism when compared to the calculated potential for possible reactions. This comparison is 
complicated by the fact that voltages calculated with standard DFT can be significantly 
underpredicted [88]. Hence, I corrected the calculated potentials by +0.7V which is 
8 
approximately the error for the LiNi04 NiOz average potential in the layered structure [14]. 
Table 4-2 gives the average potential for delithiation with different structural transitions. For 
example, it can immediately be predicted from the Table that there is very little possibility to 
obtain I-Ni02 during the cycling due to the exceptionally high potential it takes to obtain it from 
LiNi02. The average potential between I-LiNi02 to I-Ni02 is 5.04V. It seems more likely that 
layered Ni02 is formed from either I-LiNi02 (3.7V) or layered LiNi02 (3.9V). We cannot 
conclusively decide from the observed potential which structure is present at LiNi02 composition, 
since the difference (0.2V) is within the uncertainty caused by the combination of DFT error and 
the lack of long-range crystalline order in the experimental sample. 
Table 4-2 Calculated voltage for delithiation reactions between the possible 
structures. All potentials are corrected by adding 0.7V to the value 
obtained from DFTIGGA [4]. 
By comparing potentials shown in Table 4-2 with the discharge profile in Figure 4-15, it 
seems that I-Li2Ni02 is not recovered after full discharge. If I-Li2Ni02 would form from either I- 
LiNi02 or layered LiNi02, the plateau at the end of discharge would appear at potentials near 
3.18 or 3.37V, not at about 2V which is what is observed in the actual discharge profile (Figure 4- 
15). The observed value is closer to the calculated value for the formation of 1T- Li2Ni02. Hence, 
comparison of the calculated potentials indicate that upon the frst  charge I-Li2Ni02 goes to either 
I-LiNi02 or layered LiNi02 which further delithiates to a layered LiZirNiO2 (X > 1) which is a 
good agreement with EXAFS analysis performed in the previous section. Upon discharge the 
orthorhombic structure is not recovered. 
EXAFS, electrochemical observations and first principles calculations all indicate that at 
some point the layered structure forms fiom the Irnmm structure during the cycling. However, 
due to the different oxygen arrangements in these two structures, the long range crystalline 
ordering is expected to be lost during the transformation resulting in the observed pseudo- 
amorphous XRD pattern. Even though there may not be long range ordering, the electrochemical 
profile of the pseudo-amorphous material still bears resemblance to that of the crystalline layered 
LiNi02. This illustrates the different characteristic length scales that determine the XRD and 
chemical potential of Li. While an XRD pattern is obtained fiom cumulative reflections of over a 
relatively long ranged periodic array of atoms, the electrochemical intercalation reaction does not 
require periodicity over such a long range and is more affected by the local environment of Li. 
Therefore we believe that after cycling the material has local fragments of the layered LiNi02 
structure, but these fragments may only extend for a few lattice parameters. This picture is 
consistent with the EXAFS analysis which indicates that the short range ordering of Ni becomes 
more layer-like with delithiation as evidenced by the increase in the Ni-0 coordination number. 
However, even in EXAFS the Ni-Ni coordination does not increase as much as the Ni-0 
coordination indicating that there must be many very small clusters. Given that local ordering of 
Li and Ni in a layer-like structure occurs (as shown in the electrochemical result and EXAFS 
result), but the long range ordering is lost (as evidenced from the XRD), it is very likely that 
nano-size structural domains of a layer-like structure form during cycling. It is also worthwhile to 
note that the coordination number of the Ni-Ni shell is 3.4 which is much less than 6, while that 
of Ni-0 is 5.4 
According to the first principles calculation, I-Li2Ni02 has a lower energy than IT-Li2Ni02. 
One can try to understand this in terms of the Crystal Field Stabilization Energy (CFSE) for the 
different Ni coordination in each structure [126]. In I-Li2Ni02, Ni is coordinated by four oxygens 
in a square planar configuration, while in 1T-Li2Ni02, Ni is octahedrally coordinated by oxygen. 
The electronic structure of square planar ~i~~ coordination can be derived from that of octahedral 
coordination by moving two oxygens on the z-axis of an octahedron far enough away so that ~ i + ~  
effectively only interacts with the four oxygens in the x-y plane. As oxygen moves away along 
the z-axis, the orbitals split as shown in Figure 4-20(a). Due to the reduction of overlap with the 
oxygen 2p orbital along the z-axis, the d-orbitals with a z component go down in energy. The dz2 
orbital decreases relatively more than the d, d, orbitals because its overlap with 02p in an 
octahedron is larger. On the contrary, the energies of the dx2,2 and the d, orbitals increase 
because the oxygen ions in the x-y plane typically move a little closer to Ni. The change in the 
levels has been taken from reference [126] and is based on an ion in an electrical field of point 
charge ligands [ 1271. 
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Figure 4-20 (a) d-orbital splitting in square planar coordination [14] (b) the case of ~ i + '  
(c) the case of ~i~~ 
Assuming that the average d-level energy is constant in going from octahedral to square 
planar, the energies of (2) can be compared in these environments. While square planar 
clearly benefits from CFSE (-2.44& versus -1.2A0 for octahedral, where & is the octahedral 
crystal field splitting between the tzg and eg level), it comes with an exchange penalty in the d, 
level. In octahedral ~ i + ~  two unpaired electrons are in e, levels, while ~ i + ~  in square planar has all 
doubly-occupied levels, and no net spin. The pairing energy (i.e. the cost of having electron with 
opposite spin in the same orbital) decreases the benefit of square planar over octahedral 
coordination. We estimated the electron pairing energy from DFT by comparing a magnetic 
calculation of IT-Li2Ni02 with one where the magnetic moment was constrained to zero, thereby 
forcing both eg electrons to occupy the same orbital, but with opposite spin. The resulting pairing 
energy is 0.79eV. The octahedral gap &was estimated fkom the energy difference between the 
majority t2, and e, states in IT-Li2Ni02 to be about 1.13eV (Figure 4-21), in good agreement with 
literature values based on spectroscopic data [128]. The resulting CFSE of square planar Nit' 
over octahedral ~ i + '  is 0.61eV. 
Energy (eV) 
Figure 4-21 Density of States of 1 T-Li2Ni02 
Rather than use the simple orbital diagram of Figure 4-20, we also estimated the CFSE 
directly from the calculated DOS by integrating the d-component of the DOS for each ~ i * ~  
configuration upto the Ferrni level. Before comparing the energies, the average energy of the d- 
states was adjusted to be same. The calculated result confirms the CFSE stabilization of square 
planar ~ i * ~  though by a slightly lower amount (0.48eV). 
The problem with the CFSE argument is that it would also stabilize ~ i * ~  in square planar 
environment, and by an even larger amount than for ~ i ' ~ ,  as can be seen in Figure 4-20(c). This is 
in clear contrast to the direct first principles result which indicates that the layered LiNi02 with 
octahedral ~ i * )  is about 200meV lower in energy than I-LiNi02. The discrepancy must come 
from the terms not accounted for in the CFSE such as the Li+-Li* interaction and the long-ranged 
part of the Ni-0 electrostatic interaction. Further evidence that it is not CFSE which stabilizes 
~ i + ~  in a square planar comes from the fact that NiO forms a rocksalt structure with octahedral 
coordination, and not a structure with square planar environment. 
The electrostatic interaction of Li is considerably different in both structures. Even though Li 
occupies the tetrahedral sites in both the IT and Immrn structure, the Li-Li distance in 1T- 
Li2Ni02 is about 10% less than that in I-Li2Ni02 according to the calculated bond lengths. Hence, 
the I-Li2Ni02 structure offers a Li environment which is electrostatically more favorable, and this 
is likely to be the dominant reason why I-Li2Ni02 structure is more stable than 1T-Li2Ni02. As 
shown previously, the spin pairing cost removes much of the CFSE gain for ~ i + ~  in a square 
planar environment making it unlikely to be stable over octahedral ~ i + ~  if no Li were present to 
further stabilize the structure. 
4.3.3.2 Doping 
Using first principles calculation s as a screening tool, we investigated various substitutions 
of Ni as a possible way of stabilizing the orthorhombic Immm structure during electrochemical 
cycling. Cu, Pt and Fe, which have all been reported to occur in planar four-fold coordination 
were substituted at the 25% and 50% level 11291. The calculated results are shown in Table 2. For 
all the substituted materials, the orthorhombic Imrnm is more stable than the layered structure at 
Li2(Ni,M)02 composition though Pt is the only element that increases the stability of the Immm 
structure over that of 1T-Li2(Ni,M)02. However, as lithium is taken out from Immm, the 
stabilization of the Imrnrn structure over the layered structure is decreased for all substitutions 
except Cu. Pt and Fe destabilize the I-LiNi02 relative to R3-m LiNi02, while Cu has a negligible 
effect. 
Pt destabilizes the I-LiNi02 structure more than Fe or Cu because ~ t + ~  is difficult to oxidize 
compared with ~ e + '  or CU+~. Therefore, when Pt is mixed with Ni in I-LiNi0.75Pt0.2502, it produces 
more ~i~ which has been shown to be quite unstable as 1-Ni02. A suitable chemical substitution 
for Ni is not easy to find as it should both be stable in a four-fold coordination that supports the 
orthorhombic Immm structure, and minimize the production of ~ i + ~  by oxidizing itself to a higher 
oxidation state. Takeda et al. reported on the electrochemical properties of the Li2Cu02-Li2Ni02 
solid solution [130]. In their electrochemical result, the first cycle profile was clearly different 
from the subsequent ones, and XRD patterns also showed a transformation into a pseudo- 
amorphous state after multiple cycles. These results agree with our prediction that even with Cu 
doping, the Immm structure is not stable against delithiation. 
Table 4-3 The energy difference between the layered structure and Irnmm structure with 
doping. 
4.3.3.3 Li mobility 
Li mobility in the I-Li2Ni02 structure has been studied. Calculations made use of a supercell 
containing 18 formula units (3a x 3b x lc) to reduce interactions between images of the Li being 
moved (Li images are more than 8 A apart). The nudged elastic band (NEB) method is used with 
eight replicas of the system between an initial Li position and a possible final Li position. The 
initial replica states are obtained by linear interpolation between the initial and final states of the 
path. A global energy minimization is then performed with respect to ionic positions in each 
replica whereby the coordinates of each replica are connected to those of its neighboring replicas 
in the interpolations by springs. The NEB algorithm can be compared to tightening an elastic 
band across a saddle point between two minima of an energy landscape. Lattice parameters are 
fixed at the fully relaxed lithiated values but all internal degrees of freedom are allowed to relax 
[13 11. 
Based upon the shortest Li site-Li site distances, there are 4 possible different paths for Li 
hopping in I-LizNiOz. They correspond to motions along each a, b or c axis and a diagonal 
direction between a and b axis in orthorhombic setting, and are called path A, path By path C and 
path D, respectively in Figure 4-22. 
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Figure 4-22 The orthorhombic Li2Ni02 with Zmmm space group. Ni occupies the center of 
oxygen rectangle and Li occupies the tetrahedral sites. (darker big circle: oxygen) 
The path B requires hopping between two neighboring tetrahedral sites along the b axis 
through the pyramid-like interstitial site. Figure 4-23 shows the activation energy along the path 
B as calculated with the first principles methods, where the abscissa is the distance between the 
images from initial state of the Li to the final state. The activation energy for Li to hop along this 
path is about 450 meV implying that path B can be a moderately fast diffusion path for Li. 
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Figure 4-23 Relative energy along the different migration paths (B, C and D) determined 
with the nudged elastic band method. 
Similar to path B, path A involves hopping between two neighboring tetrahedral sites along 
the a axis passing through the inside of an oxygen pyramid. Since path A is similar to path B, it 
might be expected to have a similar activation barrier. However, the calculated result shows that 
the activation energy for this path is over 2.5eV implying that it is a nearly impossible diffusion 
path for Li. Figure 4-24 suggests a possible reason why these two similar paths have very 
different activation barriers. Since Li in the tetrahedral site sits right above the Ni site, there is a 
strong electrostatic repulsion. The large electrostatic repulsive forces push the Li up toward the 
edge of the tetrahedron. The first principles calculations show that Li is shifted upward along the 
c axis from the regular position (z = 0.25) to z = 0.2954. This amount of shift is fairly large 
considering the size of the tetrahedron. Motion of Li along a straight line interpolated between 
two Li tetrahedral sites along the a axis is prohibited since it will travel as near as 0.59A to the 
center of oxygen. Therefore, motion along the a axis is shifted significantly downward along the 
c axis. This results in a strong electrostatic repulsive force from Ni below. This is contrast to the 
case of motion along b axis. While traveling along the b axis, Li does not get very close to 
oxygen and does not need to take the shifted route that is unfavorable electrostatically. 
In addition to the high activation barrier, the macroscopic diffusion along path A might be 
more unfavorable than path B due to its longer diffusion path (a=3.803A) compared to path B (b= 
b=2.808A). The difference in a and b lattice parameters is believed to come from the Ni-0 
bonding and Ni-Ni repulsion. Ni binds with 4 oxygen along the [Ni04] chain parallel to the b axis, 
resulting in a contraction in the b lattice parameter. Meanwhile, Ni faces other Ni along the a axis 
without enough electrostatic screening, which increases the a lattice parameter. 
Path C requires hopping through the Ni layer. Considering Ni-Ni distance is only about 1.8& 
and without any screening by oxygen located in the plane with Ni, the activation barrier for Li 
motion will likely be larger than the other paths considered. In fact, the activation barrier is more 
than 600 meV (Figure 4-23 (path C)). This implies the Li motion along c direction is not 
completely blocked. 
Figure 4-24 The tetrahedral Li is shifted away from the Ni due to the electrostatic repulsion. 
Along path A, the Li should go through the oxygen triangle which faces toward Ni, 
while along B, the oxygen triangle which faces away from Ni. 
Path D involves Li hopping between edge sharing Li sites along the diagonal direction 
between the a and b axes. In path D, Li is squeezed through the edge of a tetrahedron. Figure 4-23 
(path D) shows that the activation barrier is about 450 meV which is almost same with that of 
path B. 
In summary, paths B and path D allow relatively feasible Li motion making the 
orthorhombic Li2Ni02 structure a pseudo two-dimensional ionic diffuser. Diffusion along the c 
direction is likely to be sluggish because of its high activation barrier, but the path is not 
completely blocked. These results are likely to apply for other structures with planar coordinated 
cations (such as Li2Cu02 and Li2Pd02), and cation mixtures in this structure, since the barriers are 
due to gross features of the structure, rather than element specific interactions. 
4.3.4 Conclusion 
Li2Ni02 in the Immm structure was synthesized by a solid-state reaction and its 
electrochemical behavior upon delithiation was evaluated. The material shows a high specific 
charge capacity of about 320 mAWg and discharge capacity of about 240 mAh/g at the first cycle. 
The electrochemical data, first principles calculation and EXAFS analysis all indicate that the 
orthorhombic Irnmrn structure is rather prone to phase transformation to a close-packed layered 
structure during the electrochemical cycling. The possibility of stabilizing the orthorhombic 
Irnmrn structure during the electrochemical cycling by partial substitution of Ni is also evaluated. 
First principles computations of some chemically substituted materials identified Pt substitution 
as a way of stabilizing the Liz(Ni,M)02 composition in the Immrn structure but found no elements 
that would likely stabilize the material upon Li removal. A detailed analysis of the crystal field 
energy difference between octahedral and square-planar coordinated ~ i + '  indicates that crystal 
field effects may not be large enough to stabilize ~ i "  in a square planar environment when the 
cost of electron pairing is taken into account. Rather, we attribute the stability of Li2NiO2 in the 
Immrn structure to favorable Li arrangements as compared to a LiZNi02 structure with octahedral 
Ni. Li mobility in the I-Li2Ni02 turns out to be reasonably large due to a pseudo two-dimensional 
diffusion path making this material electrochemically active. 
A High Power electrode 
Chapter 5 
Designing a high rate capable electrode 
Reasonable charge/discharge times (rate capability of a cell) dictate the required kinetics in 
the cell such as Li diffusion and charge transfer. The impedance that arises from various factors 
(masslcharge transfer, surface reactions, etc.) in the electrochemical cell limits the power 
capability. In particular, ~ i '  ions should be able to diffuse over micron length scales at room 
temperature in a matter of an hour, or minutes for high power applications such as HEV 
technology. Li diffusion, therefore, is often considered to be among the most critical rate limiting 
factors. Hence, important ingredient in developing batteries capable of satisfying high power 
demands in new applications is a material with very fast Li difisivity. Using first principles 
computational modeling we have investigated the basic energy barrier that limits ~ i +  ion hopping 
in a prototypical layered electrode structure and the structural / chemical factors that affect it. We 
have used insights gained from these calculations to synthesize a material with substantially 
better rate capability. In section 5.1, a theoretical investigation on Li mobility is performed. 
Detailed experimental work to obtain a high rate electrode material based on guidelines gleaned 
from calculations follows in section 5.2. Properties of the designed material are also investigated 
in section 5.2. 
5.1 Theoretical study of Factors affecting Li mobility in Layered lithium 
transition metal oxides. 
In this chapter, we attempt to understand Li mobility in the layered structure (03 type) by 
investigating the various factors that influence Li mobility. Factors such as lattice parameters, 
doping with non-transition metal species, type of transition metal species, cation mixing, and 
anion effects are investigated. Each factor is altered within a controlled environment so that the 
response of Li motion can be observed and analyzed. At the end of this chapter, general 
guidelines for designing high rate capable electrodes are discussed on the basis of the 
computational results. 
Figure 5-1 In layered lithium transition metal oxides Li hops between octahedral sites 
through an intermediate tetrahedral site. The activated tetrahedral site shares an 
oxygen face with a transition metal octahedron below (left figure). 
5.1.1 Background 
In the layered 0 3  structure, there are several possible pathways for Li ions to hop. Previous 
work has identified the most likely pathway as the path where an octahedral Li moves through a 
tetrahedral site by means of a divacancy (Figure 5-1 and Figure 5-2(a)) [32, 331. In this path, Li 
migrates along a curved trajectory passing through a tetrahedral site centered between the two Li 
vacancies and the initial site of the hop. The intermediate tetrahedral site is face-sharing with the 
transition metal octahedron below it. Other pathways such as direct hopping between octahedral 
sites through a dumbbell of oxygen ions require a much larger activation energy, and negligibly 
contribute to Li diffusion [32, 331. Therefore, this study focuses solely on Li motion along an 
octahedral-tetrahedral-octahedral pathway. Activation barriers are approximated as the difference 
in the energy between Li in the octahedral and intermediate tetrahedral site. As shown previously, 
Li occupying a tetrahedral site is very close to the maximum in energy surface of the path (Figure 
5-2) [33,35]. 
All energies are calculated with the Spin-polarized Generalized Gradient Approximation to 
Density Functional Theory, using a plane-wave basis set and the Projector-Augmented Wave 
method [132] as implemented in the Vienna ab initio simulation package (VASP) [133]. A plane- 
wave basis with a kinetic energy cutoff of 400 eV was used, and reciprocal-space k-point grids of 
3 x 3 x 5 or 3 x 3 x 3 points are used depending on the supercell size. To minimize interactions 
between periodic Li vacancy images, a supercell of 12 x Lil-6M02 formula units is used [32, 331 
except for the cation mixed LiNiOz system. In the cation mixed system a larger supercell of 24 x 
Lil-5MO2 is used to avoid out-of plane interactions between Ni defects in the Li layer. Two out of 
12 lithium sites are vacated per supercell for Li motion. These two lithium vacancies are adjacent 
in a triangular lattice [33]. All structures were fblly relaxed in the lithiated state. Once the 
vacancies are introduced, ions are allowed to relax again within the fixed unit cell of the lithiated 
state. 
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Figure 5-2 (a) The lithium migration paths as seen looking down on the layered crystal 
structure along the c axis. The triangular grid corresponds to the lithium sites, the 
filled circles are lithium ions, the large empty circles are oxygen ions in the plane 
directly above the lithium plane and the small empty circles are oxygen ions 
directly below the lithium plane. Empty squares refer to lithium vacancies. The 
arrow indicates lithium migration between octahedral sites through the tetrahedral 
site. (b) The energy diagram along the path shows that Li in the tetrahedral site is 
very close to the maximum of the energy surface. Calculations are done for the 
LiCo02 system. 
Lattice parameter 
In this section, we investigate how changes in lattice parameters can affect Li mobility. The 
scheme is related to free-volume ideas of diffusion in a large class of materials: open space 
facilitates atomic motion. The 0 3  type layered structure is well represented by a hexagonal unit 
cell. Within this unit cell setting, we vary a and c lattice parameters independently, and study the 
response of Li motion. 
5.1.2.1 c-lattice parameter (Li slab distance) 
Since Li movement is constrained to a two-dimensional layer, the spacing of oxygen layers 
around the Li layer is particularly important to Li motion [134]. To investigate the effect of Li 
slab distance, calculations are performed on a representative layered system such as LiCoOz 
(Figure 5-1). Li slab distance is varied in the calculations by expanding or contracting the c-lattice 
parameter. Because transition metal (Co)-0 bonding is much stiffer than Li-0 bonding, the 
majority of change in c-lattice parameter change is accommodated by the Li slab distance (86%) 
as shown in Figure 5-3. Slab distances were varied around the equilibrium value by about + 4%, 
which is typical of variation observed in the layered lithium transition metal oxide depending on 
Li content and transition metal species. Our calculated equilibrium Li slab distance for fully 
lithiated LiCo02 (2.64A) is in a good agreement with the experimental value (2.64A) [46, 1351. 
Also, the calculated activation barrier obtained at an equilibrium Li slab distance agrees well with 
previous computational studies [32, 331. Results shown in Figure 5-4 indicate that activation 
barriers for Li migration vary considerably with Li slab distance, changing by more than 200% 
for a 4% change in Li slab distance. Since diffisivity is inversely proportional to the exponential 
of the activation barrier, this variation will result in a dramatic change in the macroscopic rate of 
Li difision. 
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Figure 5-3 Response of each slab distance with the variation of the c lattice parameter of 
the cell. 
To understand this remarkable variation more thoroughly, Figure 5-5 shows how the energy 
of octahedral and tetrahedral Li positions individually vary with c-lattice parameter. Both energy 
curves follow a harmonic behavior with c-lattice parameter but their minima are located at 
different slab spacings. The minimum energy for Li in a tetrahedral site lies at a larger c-lattice 
parameter, i.e. a larger Li slab distance than the equilibrium value. Therefore, at equilibrium, Li is 
under relative compressive stress when positioned in a tetrahedral site. As the Li slab distance 
gets larger, compression on the activated Li site is released, leading to a lower activation barrier. 
At very high c-lattice parameters the tetrahedral and octahedral site energy cross over, and in this 
regime diffusion in the slab resembles surface diffusion with no considerable strain contribution 
to the activation energy. 
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Figure 5-4 Activation barriers (squares) for Li migration in LiCoOz as a function of Li slab 
distance. The dashed line shows the calculated equilibrium Li slab distance. 
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Figure 5-5 Energy for Li in the octahedral (squares) and tetrahedral (circles) site as a 
function of c-lattice parameter. 
5.1.2.2 a and b-lattice parameter 
One can vary the size of activated tetrahedral sites by changing not only the c-lattice 
parameter (Li slab distance) but also the a (or b)-lattice parameters. If compression in the 
tetrahedral site is uniform in all directions, a change in the a (or 6)-lattice parameter should give 
similarly large variations in the activation barrier as that in the c-lattice parameter. However, as 
shown in Figure 5-6, the calculated activation barrier is considerably less sensitive to a (or b)- 
lattice parameter variations. Although the calculated activation barrier decreases with a (or b)- 
lattice expansion, this dependency is considerably smaller than the dependence on olattice 
parameter. 
A closer look at atomic arrangements in the Li tetrahedron reveals that the volume of the 
tetrahedron increases with a (or b)-lattice expansion but the shortest Li-0 distance in the 
tetrahedron, which is in the c direction, changes very little. This indicates that the compression in 
the activated Li tetrahedral site is mainly along the c direction (perpendicular to Li slab) and the 
expansion of the tetrahedron along the a (or b) direction does not release the compression to a 
significant degree. Also, we note that Li resides far from the tetrahedral face that is shared with a 
Co octahedron. This is due to the strong electrostatic repulsion between ~ i +  and CO" along the c 
direction. 
Relative a,b lattice 
Figure 5-6 Activation barrier for Li migration in LiCo02 as a function of a (or b)-lattice 
parameter. 
Doping of non-transition metal 
Successful performance enhancements of commercial Li batteries utilize a strategy of 
doping non-transition metals into lithium transition metal oxides. By substituting non-transition 
metals into the layered structure, various electrochemical properties such as voltage, structural 
integrity, electronic conductivity and safety of the electrode are greatly enhanced [136-1391. It 
has recently been reported that Li diffusion might be deteriorated by doping non-transition metals 
into LiCo02 [140],and as such, we investigate the effect of non-transition metal element addition 
on Li mobility. 
Non-transition metal substitution is studied by calculating activation barriers in a system 
where two A1 or Mg ions replace for two Co in a supercell containing 12 transition metal sites. 
The doping ions are placed next to one another to observe their effect more clearly, and Li is 
allowed to move through the tetrahedral site face-sharing with the A1 or Mg octahedron. 
Activation barriers for A1 and Mg-doped systems are shown in Figure 5-7 at two Li slab distances, 
and compared with undoped LiCo02 activation barriers. The doped materials show consistently 
higher activation baniers than undoped LiCo02. For the Al-doped system, the activation barrier is 
higher by about lOOmeV and for the Mg-doped system, it is higher by about 30meV than that of 
the undoped LiCo02 at the equivalent Li slab distance. This increase of the activation barrier by 
non-transition metal doping of LiCo02, especially Al-doping, may result in an appreciable 
decrease in the macroscopic rate of Li diffusion. 
The variation of activation barriers with non-transition metal substitution cannot be explained 
in terms of structural parameters such as the size of the Li tetrahedron, since no appreciable 
difference in the size of each tetrahedron is observed. The tetrahedron that face-shares with Mg is 
106 
actually slightly larger than that in undoped LiCo02. However, a clear difference between the 
undoped and non-transition metal doped system can be observed in the electronic structure of the 
oxygen ions near the migrating Li. Figure 5-8 shows the electron charge integrated around three 
oxygen atoms within the unit cell that form the shared triangular face between the tetrahedron of 
migrating Li and the octahedron below for Al-doped (Figure 5-8(a)) and Mg doped system 
(Figure 5-8@)). For comparison, the same charge integrations of undoped LiCo02 are shown as 
dashed line in each Figure. The graphs show the number of electrons as a function of sphere 
radius around an oxygen atom. Figure 5-8(a) and 5-8(b) indicate that oxygens between the 
migrating Li and A1 or Mg have less electron density on them than in the undoped case. Upon 
closer inspection we find that the electron density around oxygen systematically decreases with 
increasing number of non-transition metal nearest neighbors. Oxygen electron density plays an 
important role in screening the electrostatic interactions between cations, as was already noticed 
previously [32, 331. Hence, a reduction of that screening will lead to a more bare interaction 
between Li in the activated state and the face-sharing cation and consequently a higher activation 
barrier. 
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Figure 5-7 (a) Activation barriers (stars) obtained for Al-doped LiCo02. (b) Activation 
barriers (triangles) obtained for Mg-doped LiCo02. 
Note that Mg substitution increases the activation barrier less than Al. Because of its lower 
charge, M~~~ will cause less repulsion for Li in the tetrahedral site than an ion with +3 valence 
state. Hence, the activation barrier increases due to less effective screening by oxygen but is 
somewhat offset by the weaker electrostatic repulsion with Li. 
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Figure 5-8 Electron charge density integrated around oxygen atoms near Li in the tetrahedral 
site for (a) Al-doped LiCo02 (b) Mg-doped LiCoOz. The dashed lines give 
electron charge density integrated in undoped LiCo02 for comparison. 
Doping LiCo02 with Cu, where Cu is in +2 state (confirmed by calculations), is also 
studied for comparison in order to separate two factors in the Mg-doped case; (i) electrostatic 
repulsions between low valent cations, and (ii) the screening role of oxygen. Activation barrier 
differences between Mg doped LiCo02 and Cu doped LiCo02 are expected to stem mainly from 
non-transition metal effects, canceling the lower valence effect. Since Cu is a late transition metal 
and the size of CU" ion (0.734 is similar to that of M ~ + *  ion (0.72&, other factors such as 
hybridization with oxygen and elastic effects from lattice constraints will not be critical 
(confirmed by the charge integration of oxygen and the size of Li tetrahedron). 
Our calculations demonstrate that the activation barrier for Cu doped LiCoOz actually 
decreases by about 30meV compared to undoped LiCo02 due to the lower valence of Cu (Figure 
5-9). Comparing with Cu doped LiCo02, Mg-doped LiCo02, which has similar electrostatic 
interactions but different roles of oxygen, is higher in activation barrier by about 60 meV. This 
reiterates our speculation that an activation barrier increase (60 meV) due to less effective 
screening by oxygen is somewhat buffered (30 meV) by weaker electrostatic repulsion with Li in 
Mg doped case. The activation barrier variation is a little smaller considering that A1 doped 
LiCoOz leads to lOOmeV higher in activation barrier than undoped LiCoO2. Screening by oxygen 
may be less critical in Mg doped LiCoOz than A1 doped LiCoO*, because electrostatic repulsion 
is weaker between Li and the low valent cation (klg2+). Stronger electrostatic repulsion between 
high valent cations is likely to be more sensitive to the oxygen charge deficiency. The effect of 
cation's valence on Li migration will be discussed further in the following section. 
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Figure 5-9 Activation barriers (hexagon) obtained for Cu doped LiCo02 compared to Mg 
doped case (triangles) 
Effect of transition metal species 
We fbrther investigated the effect of doping on Li activation barriers for migration by 
performing additional calculations for layered LiV02, LiCr02, LiTi02, LiNi02 and LiFe02. The 
doping elements are now transition metal species. Some of these compounds can be synthesized 
in the layered structure, while others are purely hypothetical. All systems show a similar 
dependence of Li mobility on Li slab distance (Figure 5-10). Similar slopes in each system 
indicate that the dependency is rather general in layered structures. However, activation barriers 
for a given slab distance vary from Ti to Ni. While Ni and Fe oxides behave similarly to LiCo02, 
V, Cr and Ti layered oxides show substantially higher activation barrier. This result is somewhat 
consistent with what was observed for non-transition metal doping. Generally, the early transition 
metals tend to induce less electron density around bonding oxygen than the late transition metals 
leaving oxygen ions with less screening power. The observation that late transition metal layered 
oxides exhibit a relatively low activation barrier for Li motion explains in part why most usehl 
layered oxide electrodes contain late transition metals. 
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Figure 5-10 Calculated activation barrier as a hnction of Li slab distance for various layered 
lithium transition metal oxides. 
We fbrther investigated transition metal chemistry on Li activation barrier by looking into the 
effect of transition metal valence. It has already been speculated that the valence of the transition 
metal ion that face-shares with the activated state significantly influences the Li migration barrier 
[33]. Activation barriers are calculated for several important transition metals in different valence 
at a fixed Li slab distance. The calculations are done at various chemistries and Li contents. For 
example, activation barriers for 3+ ions are obtained using the lithiated form of Li,xM02 (M is 
transition metal), and activation barriers for 4+ ions are obtained using the delithiated form of 
Li,MO2 except ~ n ~ '  whose value is calculated in Lix(Nio.5Mno.5)02 along with ~ i ' + .  Lastly, 
activation barrier for cu2+ is obtained in LixCo02 with small amount of Cu doping. The results in 
Figure 5-1 1 clearly show that low valent cations lead to a lower migration barrier for Li. It is not 
surprising that lower (higher) valent cations exhibit weaker (stronger) electrostatic interaction 
with the migrating Li leading to lower (higher) activation barrier. Since the valence of the 
transition metal ion in the electrode compound changes with Li content upon charge and 
discharge, the effect of transition metal valence plays a role in the chargeldischarge process. 
Indeed, the variation of the Li diffusivity with Li content in LiCoO? has already been observed 
theoretically and experimentally [2 1, 341. The decrease in Li diffusivity at the end of charge of 
the cell is in part explained by stronger electrostatic interaction with co4+. 
Valence state of transition metal 
Figure 5-11 Activation barriers for Li motion for various transition metal. The values were 
calculated at a fixed Li slab distance for various chemistries and Li contents. 
5.1.5 Cation mixing (Likransition metal site exchange) 
Layered lithium transition metal oxides especially those including ~ i ' ~  or i ' ~  are often 
observed to have cation mixing (site disordering between Li and transition metal) in the structure. 
Cation mixing is believed to be a result of the similar ionic size of ~ i +  and (or ~ i ~ ) ,  since the 
major driving force for layering is believed to be the size difference of the cations [54, 1211. It 
has been demonstrated that the amount of Ni in the Li layer is critical to the electrochemical 
performance of the electrodes [141]. To investigate how and to what extent the presence of Ni in 
the Li layer affects the Li mobility we calculated the Li migration barrier in LiNi02. Cation 
mixing is commonly observed in this material and the activation barrier in well ordered LiNi02 is 
similar to that in LiCo02. Li/Ni disorder is simulated by occupying one out of 12 Li sites with 
excess Ni and calculating the activation barrier for a Li hop near this Ni in the Li layer. 
Figure 5-12 shows that cation mixing affects the activation barrier primarily by changing the 
equilibrium Li slab distance. Systems with and without cation mixing lie on the same curve, but 
the effect of Li/Ni disorder is to reduce the Li slab distance. In particular, when the Li slab 
distance is relatively large, the contraction induced by Ni in the Li layer is rather severe implying 
that the effect of Ni in the Li layer will be more dramatic in the partially delithiated state. The rate 
limiting effect of Ni in the Li layer may therefore be particularly pronounced in the charge 
process. Upon charging, the outer shell of electrode particle is delithiated first. The concomitant 
Li slab opening and increase in Li mobility facilitates further transfer of Li through this layer. 
This effect can also be observed in the dependence of Li diffusivity on Li concentration [2 1, 341. 
When Ni is present in the Li layer, the increase in Li mobility upon charging will be considerably 
less, which may result in less deintercalation of the active material. 
It is interesting to observe that the amount at which the activation barrier increases with 
cation mixing is almost exactly the same as for a perfectly layered material that under the same Li 
slab contraction. This indicates that other potential factors such as electrostatic repulsion between 
Li and Ni in the Li layer are not significant. 
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Figure 5-12 The calculated activation barrier for Li migration in LiNi02 with cation mixing 
(stars) and without cation mixing (squares). The Li slab distances with and 
without cation mixing are indicated with thick and thin dashes, respectively. 
5.1.6 Anion Effect 
In this section, the effect of anions on Li mobility is investigated by studying how the 
activation barrier for Li migration changes in going from an oxide to a sulfide within the same 
layered structure. The study is performed for two representative transition metal oxide/sulfide 
systems, hypothetical layered LiCoS2 and LiTiS2 in comparison with LiCo02 and LiTiOz. 
Activation barriers for Li migration are calculated as a function of the Li slab distance similar to 
those in previous sections. Because the Li slab distance is calculated by averaging z of the sulfur 
layer above and below each metal and subtracting them, comparison with oxide systems is only 
possible by considering the size difference of oxygen and sulfur ion. All slab distance of the 
sulfides are shifted by about 0.8 A (approximately the difference in ionic diameters of oxygen and 
sulfur) so that the equilibrium Li slab distance of sulfides coincides with the equilibrium one in 
the oxide system. 
Activation barriers obtained for sulfides with adjusted Li slab distances are plotted with 
the previous results for oxides in Figure 5-1 3. Similar to its oxide counterpart, the Li slab distance 
appears to be a critical factor affecting the activation barrier in the sulfide system implying it is a 
general feature in layered structures. However, activation barriers significantly decrease from 
oxide to sulfide. For both of Ti and Co cases, it decreases by about 200-250 meV at the 
equilibrium Li slab distance. This is not unexpected, because in sulfide the migrating Li can be 
farther away from the transition metal due to bigger ionic size of the sulfur ion. Indeed, Li-Ti 
distance at the equilibrium Li slab distance increases from 2.39A in oxide to 2.78A in sulfide. 
This confirms that the electrostatic interaction between cations during Li migration is a critical 
factor. Additional contributions in reducing the activation barrier may come from more effective 
screening by sulfur. A larger electron density on the sulfur ion can provide better shielding 
between a migrating Li and a transition metal ion. 
The difference in activation barriers for Ti and Co systems is also observed in the sulfides. 
We attributed the difference in oxides to less effective screening role of oxygen in Ti system. 
Actually, the investigation of the electron charge density near the migrating Li also reveals that a 
similar phenomenon controls the activation barrier in sulfide systems. 
Interestingly, the activation barrier at an equilibrium Li slab distance is less than 50 meV 
in LiCoSz. With this activation barrier, the Li migration in the electrode is not likely to be the rate 
limiting factor for the battery operation, even though the compound is purely hypothetical. The 
activation barrier for LiTiS2 at the equilibrium Li slab distance confirms why this compound was 
one of the frst positive electrodes in Li battery technologies [39, 1341. 
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Figure 5-13 Activation barriers of Li migration for sulfides as a function of normalized Li 
slab distance with the previous results for oxides. LiTiSz /LiTi02 (above) and 
LiCoSz/LiCo02 (below). 
5.1.7 Discussion and Summary 
We systematically investigated several of factors that influence migration barriers for Li 
motion in layered oxides with the 0 3  structure. The two dominant effects are the Li slab spacing 
determining the compressive stress on Li when it is in the tetrahedral site, and the electrostatic 
repulsion Li experiences there from the transition metal ion. These two effects are coupled to 
some extent. As the tetrahedral site becomes expanded in the c-direction, Li in the tetrahedral site 
can move farther away from the face-sharing transition metal cation. The structural and 
compositional aspects that may contribute to high rate capability are therefore conceptually 
straightforward : 1) Create materials with large Li slab distance over the relevant Li composition 
range, and 2) Create a percolating network of tetrahedral sites in contact with low valent metal 
cations. The Li slab criterion may be difficult to engineer, as the distance between oxygen layers 
around Li is largely determined by the ionic size of ~ i '  and the electron density on oxygen. The 
latter aspect is particularly important at high levels of delithiation ( x < 0.5 in Li,M02 where M is 
a transition metal) where 0-0 interactions across the slab lead to a contraction which is very 
pronounced as x approaches zero [15, 1421. Attempts to covalently bond groups across the Li slab 
in order to keep it open have been made [143]. The requirements on these groups (chemically 
inert, immobile ...) limit the chemistries that can be used. The limit of Li slab spacing is 
ultimately a free surface and nanotubes or small nano fibers may approach this diffusion limit 
[ 1 441. 
The second important factor, namely the electrostatic interaction between Li in the tetrahedral 
site and the face-sharing transition metal may be easier to engineer. It was shown that low valent 
cations are clearly effective in lowering the migration barrier for Li ion in our calculations. Since 
the average valence in the transition metal layer is +3, lower valent cations need to be 
compensated by higher valent ones. Although the latter would create sites with high barriers this 
is not a problem as diffusion in landscapes with variable barriers is dominated by the low-barriers 
no the large ones. As long as percolation of paths with low barrier exists, the rate capability will 
remain high. In this respect, a material such as Li(Ni0.5Mn0.5)02 [7, 13, 141 is particularly 
interesting. There is substantial evidence that Ni is +2 and Mn is +4 in this material [14, 1451 so 
that at least in the beginning of charge a large number of high rate pathways should exist. 
The other factors investigated here (non-transition metal doping, Li-metal site exchange) can 
be reduced to the effect they have on the electrostatic and Li-slab factor. The presence of small, 
high valent cations in the Li layer increases the activation barrier by reducing the slab distance. 
The effect of non-transition metal doping is to modify the screening ability of oxygen and hence 
modify the electrostatic interaction in the tetrahedral site. We showed that Al, in particular, may 
have a negative effect on Li mobility. 
Our study has been limited to layered materials with the 0 3  structure though the two generic 
factors that we find are likely to transfer to other materials. For example, spinels are known to be 
high-rate materials. While this is often attributed to the three-dimensional network of tunnels for 
Li diffusion, it is more likely due to the fact that in the spinel structure, the Li cation can on 
average stay further away from the other cations along its migration path. It should not be 
surprising that similar criteria have been identified for the diffusion of protons in the different 
polymorphs of Mn02 [146]. Ramsdellite, which is well known to be one of the best proton 
difhsers among the Mn02 structures, allows the proton to migrate from oxygen to oxygen 
without ever coming near the high valent transition metal cations. 
In the next section, we use these guidelines to design and optimize high rate electrode 
materials. 
5.2 Application of theory to Li(Nio.5Mno.5)02 
In section 5.1, we investigated the factors influencing Li mobility in layered lithium transition 
metal oxides by first principles calculations. In this section, we apply this knowledge and insight 
to Li(Nio.5Mnn.5)02, one of the most promising electrode materials, to achieve a high rate 
capability. In 5.2.1, we justify why this material is the most suitable material to applying our 
theoretical observations, and a strategy of implementation on Li(Ni0.5m.5)02 is discussed. The 
synthesis route to make the improved material is described in 5.2.2. Details on the structure of the 
modified Li(Nio.5Mno.5)02 obtained from XRD and NMR are given in 5.2.3. Electrochemical 
properties of modified Li(Nio.5Mno.5)02 as an electrode are explored in 5.2.4. 
Strategy on Li(Nio.5Mno.s)02 
In section 5.1 it was shown that the energy required for a ~ i *  ion to cross the activated state 
depends on the size of the tetrahedral site (strain effect) as well as on the electrostatic interaction 
between ~ i +  in the activated state and the transition-metal layer cation directly below it (Figure 5- 
1). Because Li hops require thermal energy fluctuations, the hopping rate decreases exponentially 
with the energy of the activated state. Therefore, small reductions in activation energy can lead to 
substantial improvement of Li diffusion, and of the rate at which an electrode can be charged or 
discharged. At room temperature a reduction of activation energy of only 57 meV increases the 
rate of Li migration by a factor of ten. Hence, a rational strategy to increase Li diffusivity will 
focus on reducing these two contributions to the activation energy. 
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Figure 5-14 Calculated activation barrier for Li migration in L i ( N i o . s ~ s ) 0 2  as h c t i o n  of 
the Li slab space. The triangles (circles) give the activated state that face-shares 
with Ni (Mn). The activation barriers have been calculated for a hypothetically 
perfect layered system, for a system with 8.3% excess Ni present in the Li layer 
without a change in the transition metal layer and for a system with 8.3% Li-Ni 
exchange. 
As we clearly have seen in section 5.1.4, a low-valent transition metal such as ~ i ~ '  is 
beneficial to the Li diffusion. Changing the ion near the tetrahedral site from co3+ to ~ i ~ +  leads to 
higher hopping rate which is a 54 times higher ( -exp [lo0 meV/kT] ) at a fixed equilibrium Li 
slab space (Figure 5-1 1). As a result, a material such as L ~ ( N ~ ~ ' ~ . ~ M ~ ~ + ~ . ~ ) O ~ ,  in which half the Li+ 
activated states come in contact with ~ i ' + ,  should have a substantially higher Li difhsivity than 
the currently used battery material LiCo02, in which all the pathways are in contact with co3+. 
Because the number of high rate pathways is well above the percolation limit, the presence of low 
rate pathways (in contact with in L i N i o . s ~ . s 0 2  should not substantially reduce the Li 
diffusivity. 
While the unique electronic properties of Li(Ni~.sMno.~)O~ have been shown to result in high 
battery capacity for this material at very low charge/discharge rates [3, 7, 10, 131, this capacity 
advantage over current electrode materials completely disappears at commercially interesting 
rates, in apparent contradiction with the predictions made based on the calculations (Figure 5-1 1). 
Calculations reported on the low valent effect of Li(Nio.5w.s)Oz were performed for an ideal 
layered structure. However, in all Li(Nio.sMno.5)02 materials synthesized thus far, perfect 
separation between Li and transition metal cations into alternating layers could not be achieved, 
with all materials containing 8-12% exchange of Li and Ni [3, 7, 10, 131. Since the Li/Ni site 
exchange in LiNi02 system was shown to deteriorate the Li mobility by reducing the Li slab 
space in our theoretical study, it is expected that Li/Ni exchange in Li(Nio.5Mno.s)Oz will have 
similar effects on the Li mobility. In order to confirm this, similar calculations have been done in 
Li(Nio.5Mn0.s)Oz. In Figure 5-14, the solid lines show the calculated 0-0 interlayer spacing for a 
material with 8.3% of Li-Ni site disorder. The dashed lines give the equivalent spacing for a 
hypothetical material with no Li/Ni disorder. The Li slab space reduces from 2.64 to 2.62A when 
8.3% of transition metal is present in the Li layer. Li motion is so sensitive to the spacing 
between oxygen layers that this very small change (approx. 0.02 A) results in a 20-30 meV 
increase in the activation barrier. More importantly, Li/Ni disorder greatly limits the opening of 
the Li slab space upon delithiation (i.e., on charging the battery). The Li slab space expands 
during the early stages of delithiation due to the removal of 02--~if-02-  bonds across the slab, 
leading to faster Li motion. While the Li slab space increases from 2.64 to 2.74A in a perfect, 
layered system, calculations indicate that it only increases from 2.62 to 2.698, when 8.3% Ni ions 
are present in the Li layer. These observations clearly indicate that difhsivity of Li will be greatly 
improved by reducing the LiINi exchange in Li(Nio.SMno.s)02. These calculations also clearly 
point at the LiNi disorder as the reason why Li(Nio.5Mno.5)02 has not yet lived up to its high rate 
potential. 
While Li-containing materials prepared via traditional high temperature synthesis routes 
contain significant LiNi disorder and are, therefore, unlikely to be high rate electrodes, better 
ordering can be expected in Na(Nio.SMno.s)OZ as the larger size difference between ~ a '  and ~ i "  
or ~n~~ creates a larger driving force for separating the alkali ions and the transition metal ions 
into separate layers. The driving force for layering is likely to be increased if a larger ion, such as 
Na', is used instead of ~ i '  due to the increased size mismatch between Na' and transition metal 
ions such as ~ i "  [54]. It has also been shown in the section 4.2 that well-layered Li compounds 
(Lio.9Nio.35Ti0.5502) can be made from Na-compound precursors (Nao.9Ni0.45Ti0.5502) by ion 
exchange of N d  for ~ i '  [121, 147, 1481. Ion-exchange is a chemie-douce approach which is 
performed at relatively low temperature so that only ~ a +  is replaced by ~ i ' ,  keeping the rest of 
the structure intact. This synthesis route will result in a well layered Li(Nio.5Mno.5)02. 
5.2.2 Preparation of material 
In this section, it is described how layered LiNio,5Mna.502 with significantly less LiINi 
exchange can be obtained through ion-exchange with a Na precursor. First, NaNio.5Mno,502 is 
synthesized, and its structure is investigated. A possible mechanism for the ion-exchange from 
the Na phase to the Li phase is discussed. 
5.2.2.1 Na(Nio.5Mno.5)02-Synthesis and Structure 
The starting material for ion exchange, Na(Nio,5Mno.5)Oz, was prepared by solid-state reaction 
of Na2C03 (99.5+%, Aldrich), Ni(OH)? (99.3%, J.T. Baker) and Mn203 (99.9+%, Aldrich). 
Appropriate amounts of these starting materials were wet ball-milled for 1 day. Zirconium balls 
and acetone are used for ball-milling in a PE bottle. The resultant slurry mixture was dried using a 
magnetic stirrer at room temperature. After drying, this mixture was ground using a mortar, and 
pressed into a pellet. The pellet was heated up to 900°C with a heating rate 2.5"C /min, and held 
at 900°C for 24 hours in air. The pellet was quenched to room temperature by being crushed with 
copper plates and a hammer. The obtained powder was transported to an Ar-filled glove box 
immediately after quenching. 
The structure of the Na(Nio5Mno,5)Oz precursor is investigated with X-ray powder diffraction 
(Rigaku diffractometer equipped with a Cu-K, radiation by step scanning (O.OlO1lOsec ) in the 20 
range of 10-80"). The XRD sample is carefully prepared to avoid preferential orientation and 
moisture, and the structure was refined with Fullprof [114]. Structural refinement of 
Na(Nio.5Mno.5)Oz with XRD data is shown in Figure 5-15 along with the observed pattern, 
calculated peak positions and the difference of two patterns, respectively. Rietveld refinement of 
the Na(Nio.sMno.5)Oz pattern gives c=15.9799(8)A, n=2.9536(1)A, z=0.2679(23) with R,=10.8, 
R,=13.7. Na occupancy has been allowed to vary in the refinement and determined to be 0.925. 
Allowing Na-Ni exchange yields a negative occupancy of Ni in the Na layer confirming our 
strategy to make a better layered structure using the larger Na ions. 
Figure 5-15 Structural refinement of NaNio.5Mno.s02. Observed pattern, calculated peak positions 
and the difference between two are plotted. 
The obtained powder is stored in the glove box filled with inert gas since the exposure of 
Na(Nio,SMno,5)02 to air leads to gradual structural changes even for a short period time (-10 
minutes). The fresh powder changes its color from dark brown to black, and becomes slurry-like 
with prolonged exposure to the air indicating possible absorption of moisture. A powder X-ray 
diffraction pattern taken in air as a function of time confirms that the structural changes occur 
within a matter of minutes. Figure 5- 16 shows that a new peak is developing near the (003) peak 
in the pristine Na(Nio.SMno.s)02 phase. However, we could not identify the detailed structure of 
the new structure yet. 
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Figure 5-16 Powder X-ray diffraction pattern of Na phase as a function of time. 
5.2.2.2 Ion exchange mechanism 
The obtained Na precursor powder was mixed with a 10 times excess amount of the eutectic 
composition of LiN03 (99.98%, Alfa Aesar) and LiCl (99%, Mallinckrodt). The mixture was 
heated at 280°C for 5 hours in air. The furnace was preheated to 280°C to minimize exposure of 
the Na precursor to moisture in the air. After ion exchange, the mixture was rinsed with distilled 
water and ethanol several times, and filtered to recover the powder. The whole ion-exchange 
process was repeated once more to have complete ion-exchange. When the batch size of the 
product becomes bigger in the same size of crucible, further ion exchange steps were necessary. 
This is probably because less surface area of precursor powder can be exposed to fiesh Li salts in 
larger batches as schematically shown in Figure 5-17. The concentration gradient of each ion at 
the surface of particle may be critical in determining the rate of the ion exchange, since ion 
exchange is believed to involve difhsion of Na and Li ions. If the precursor particles are densely 
packed and only a limited supply of Li ions are available through small pores between particles 
such as in the case of large batch sizes, the concentration gradients of both Na ion and Li ion will 
locally slow down the ion exchange. One of the ways to circumvent this problem is to constantly 
stir the mixture so that all particles can be exposed to fresh Li salts. Indeed, we observed that the 
ion exchange requires much shorter time when it is done with magnetic stirrer on hot plates. 
Finally, the dark brown Li-containing powder was dried for electrochemical studies in air for one 
day in an oven. 
Na precursor 
Figure 5-17 Schematic pictures of the ion-exchange processes of different batch sizes. 
In order to study the ion exchange mechanism in detail, we investigated the structure 
evolution from the Na phase to the Li product during the reaction. In this investigation, precursors 
of large batch size are used to make the reaction slow so that we can access to intermediate stages. 
Figure 5-18 shows series of XRD patterns of the powder during the ion exchange reaction. The 
ion exchange was interrupted every 3 -5 hours, at which time an XRD pattern was taken after 
rinsing and drying of the powder. After each interruption, the dried powder was immersed into 
new Li salts for further ion exchange until the final product is obtained. Figure 5- 18 clearly shows 
that the Na phase is gradually transforming to the Li phase as the ion exchanges proceeds. 
Interestingly, the Na phase is not observed any longer after the first ion exchange implying that 
the reaction step is relatively fast. However, it was not expected that the ion exchange actually 
involves a clear two-phase reaction between the Li phase and an unknown intermediate phase. 
Enlargement of the XRD profiles between 15" and 20" in 2 0  of Figure 5-1 8 captures the two- 
phase reaction characteristic of the ion exchange as shown in Figure 5-19. We attempted to 
identify the intermediate phase by a refinement. However, full refinements were not successful as 
peaks of the intermediate phase overlap with the Li phase, though h l l  pattern matching of the 
profile gave reasonable lattice parameters of the phase. A hexagonal unit cell, c = 14.8479(27)A 
and a = 2.8972(4)8, could be obtained for the intermediate phase, which lie between the lattice 
parameters of Na(Nio.5Mno.5)Oz and Li(Nio.sMno.s)Oz. This value is very close to what previous 
researchers obtained from a refinement on the material that they believed was L i ( N i o . 5 ~ , 5 ) 0 2  
synthesized through the ion exchange method, even though they attempted to prepare the material 
for a different purpose [149, 1501. Therefore, we believe the material reported in references [149, 
1501 is only the intermediate phase, formed due to the incomplete ion exchange of the precursor. 
Since the lattice parameters of the intermediate phase are between two end members (Na and Li 
phases) with similar XRD profiles, it is highly suspected that the intermediate phase is also a 
layered structure with mixed Na and Li ions probably separated from the transition metal layer in 
the structure. Since the ionic size of Na and Li ions is significantly different, we speculate that 
distinct Li and Na layers will form in this structure. Indeed, model calculations on 
(Lio.5Nao.5)~io.5Mno,5)02 confirmed that distinct layering of Na and Li is far lower in energy than 
structures with both ions mixed in one layer [15 11. The layering of Na and Li ions during the ion 
exchange process was also observed in other materials [I521 . 
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Figure 5-18 X-ray diffraction patterns for structures appearing during ion- 
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Figure 5-19 Enlargement of profiles between 15 and 20" of Figure 5-1 8. 
5.2.3 Structure 
The XRD pattern of the Li(Nio5Mno.5)02 obtained by ion-exchange [hereafter IE- 
Li(Nio.J4no.5)02] is shown in Figure 5-20. For comparison, we also show Li(Nio.5Mno.5)02 
synthesized through a conventional solid state reaction (hereafter SS-Li(Nio,5Mno.s)02). SS- 
Li(Nio,sMno,5)02 was prepared by the mixed hydroxide method [15 11. The observed pattern, 
calculated peak positions and difference between the two patterns is shown for each XRD pattern 
in Figure 5-20. The bottom inset is the XRD pattern of Na precursor. Rietveld refinement of SS- 
Li(Niu,sMno.j)Oz (in R-3m) gives c = 14.2820(14)& a = 2.8850(1)8, and z = 0.25736(37) with Rp 
= 13.6, Rv = 15.3, while the refmement of IE-Li(Nio.s~.s)02 gives c = 14.3437(8)& a = 
2.8924(1)A and z = 0.25907(2 1) with & = 7.08, Rv = 8.74. The refined structural parameters for 
Ss -L i (Ni~ .~Mn~.~)o~  are in good agreement with the literature [3, 7, 10,74, 120, 1531. Noticeably, 
there is a significant increase in the c-lattice parameter from 14.28A in SS-Li(Nio.5Mno.5)02 to 
14.34A in IE-Li(Nio.5Mno.5)02. The c-lattice parameter is perpendicular to the layers in the 
structure and its increase signifies an increase in the space around the Li layer. Defming the Li 
slab space as the average distance between the oxygen layers around the Li layer, the Li slab 
space increases from 2.59A in SS-Li(Nio.5Mno.5)02 to 2.65A in IE-Li(Nio.sMno.5)02. The small 
quantitative disagreement with the calculated slab spaces in Figure 5-14 is typical for modem ab- 
initio approaches. No Na precursor peaks are visible in the XRD and only about 0.3 wt% of Na 
could be detected by ICP measurement in IE-Li(Nio.5M~.5)02, implying that the ion-exchange of 
Na and Li is complete [154]. 
2 0  
Figure 5-20 Refinement of XRD patterns of IE-Li(Nio.5Mno.5)02 and SS-Li(Nio,5Mno.5)02. 
Rietveld refinement of the XRD pattern gives LiMi exchange of 10.9 and 4.3%, respectively, 
in the S S - L ~ ( N ~ O . ~ M ~ ~ . ~ ) O ~  and I E - L ~ ( N ~ O . ~ ~ . ~ ) O ~  indicating a clear tendency of substantial 
decrease of cation mixing for IE-Li(Nio.5Mio.5)02. The site occupancies obtained by Rietveld 
refinement can be somewhat inaccurate due to preferential texture of the sample, and when 
refining occupancies for multiple cations on the same crystallographic site. Therefore, the LiMi 
exchange was independently verified by solid state 6 ~ i  MAS NMR. The 6 ~ i  MAS NMR 
experiment was performed in the collaboration with Prof Clare P. Grey's group in State 
University of New York at Stony Brook and performed with a double-resonance 2 mm probe, 
built by A. Samoson and coworkers, on a CMX-200 spectrometer using a magnetic field of 4.7 T. 
The spectrum was collected at an operating frequency of 29.46 MHz. A spinning frequency of 40 
kHz and rotor-synchronized spin-echo sequence (90"-r- 180"-r-acq) was used to acquire the 
spectra. RjZ pulses of 2.8 ps were used, with delay times of 0.2s. The spectrum was referenced to 
1M 6 ~ i ~ l  solution, at 0 ppm. 
Figure 5-21 shows the NMR spectra obtained for SS-Li(Nio,5Mno.5)02 and IE- 
Li(Nio.5Mno.302 taken by the Prof. Grey's group in SUNY. The sharp resonance at 0 pprn arises 
from diamagnetic impurities (Li20 for instance). The major isotropic resonances and spinning 
sidebands are marked with their shifts and asterisks, respectively. Two groups of resonances are 
clearly observed, one at approximately 670 pprn and the other at 1450 ppm. Based on previous 
reports on SS-Li(Nio.5Mno.5)02, resonance around 670 pprn is assigned to Li in the predominantly 
Li layers, and the one around 1450 pprn is to Li in the transition metal (N~~+/MU~+) layers [155, 
1561. The resonance at 1450 pprn is at a similar chemical shift position to that for Li in the 
manganese layers in Li2Mn03, and is assigned to Li surrounded by 6 bIn4+ ions in the first 
coordination sphere of cations [155]. 
Quantitative analysis of the 1450ppm peak in the NMR spectrum, which is known to 
correspond to Li in transition metal site, reveals that Li-Ni exchange is about 0.5%, even lower 
than the valued obtained XRD refinement. This suggests that our strategy to obtain a better 
layered structure with larger slab space is successful. 
Figure 5-21 ' ~ i  MAS NMR spectra of (a) IE-Li(Nio.sMno.s)Oz, and (b) SS- Li(Nio.sMno.s)02 
taken by Mr. Julien Breger in Prof. Grey's group in SUNY at Stony Brook. 
Transmission electron microscopy (TEM) images were collected from powder samples by Dr. 
Meng Ying Shirley. Samples were suspended on a copper grid with lacey carbon under an 
accelerating voltage of 200 keV on a JEOL 2000FX microscope. Electron microscopy revealed 
plate-shaped crystals of about 1 pm size for IE-Li(Nio.sMno.s)02, while the SS-Li(Nio.sMno.s)02 
forms cubic particles of about 0.5 pm in size (Figure 5-22). The anisotropic shape of the 
crystallites offers further evidence for the more layered structure of IE-Li(Nio.5Mno.5)02. 
Figure 5-22 TEM image of lE-Li(Nio.sMno.s)Oz particle and SS-Li(NiosMnos)Oz particle 
taken by Dr. Meng Ying Shirley. 
5.2.4 Electrochemical Properties 
The electrochemical properties of the synthesized IE-Li(Nio.sMno.s)02 material as an electrode 
are investigated in this chapter. Lithium cells were configured in the following way: LiIlM LiPFa 
in EC: DMC=l:l(Merck) 1 L i N i o . 5 ~ . 5 0 2  with carbon black (10 wt%) used as conductive agent 
and polyethylenetetrafluoride (PTFE)(5 wt%) as binder. Cells were assembled in an argon-filled 
glove box and cycled at room temperature using a Maccor 2200 operating in galvanostatic mode. 
Electrochemical performance of the samples was evaluated upon cycling in the 2.5-4.6V potential 
window at various rates. 
5.2.4.1 Comparison of chargeldischarge behavior with 
conventional Li(Ni0.5Mno,5)02 
Figure 5-23 shows the first charge and discharge profiles of IE-Li(Nio.5M~.5)02 and SS- 
Li(Ni0.5Mn0.5)02 tested in an electrochemical cell at a rate corresponding to fully charging the 
theoretical capacity of the material in 20 hours ((320). While the chargeldischarge behavior of 
IE-Li(Nio.5Mno.5)02 is very similar to that of SS-Li(Nio.5Mno.5)02 below 4V, the plateau at 4.3V is 
more pronounced in IE-Li(Nio.5Mno.5)02. The 4.3 V plateau is observed at around x = 0.6-0.7 
[Lil-,(Nio.5~.5)02], and could be a result of Li-vacancy ordering [157]. The absence of 
transition metals in the Li layer is likely to enhance Li-vacancy ordering. 
The first charging capacity of IE-Li(Nio.sMno.s)02 is similar to that of SS-Li(Nio.sMno.s)02. 
However, the first irreversible capacity is noticeably smaller in IE-Li(Nio.5Mno.5)Oz. While the 
voltage drops fast below 3.6V for SS-Li(Nio.sm.5)02 in discharge, IE-Li(Nio.5&.5)02 manages 
to restore appreciably more capacity even below 3.6V. The impedance at the end of discharge 
usually increases due to reduction in Li mobility and limits the available capacity of electrodes. 
As such, the more capacity of IE-Li(Nio.5m.5)02 retained in this region is attributed to fast Li 
mobility. On the contrary, the charging capacities of both Li(Nio.5Mn0.5)02 are not significantly 
different. The Li slab distance usually decreases at the end of a charging step due to weaker 
electrostatic repulsion between the oxygen ions in combination with the physical absence of Li 
ions and often reduces to a value far below the equilibrium value at a fully lithiated state [15]. As 
we observed in section 5.1.5, the effect of Li/Ni disorder at smaller Li slab distances becomes 
weaker, therefore, the advantage of better Li-Ni separation (less Li/Ni disorder) in IE- 
Li(Ni0.5Mn0.5)02 will not be significant. 
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Figure 5-23 First charge and discharge profiles of IE-Li(Nio.5&.5)02 and SS- 
Li(Nio.5Mno.5)02 at Cl20 rate. 
5.2.4.2 Rate Capability 
The rate capability of IE-Li(Nio.5Mno.5)02 is investigated and compared to SS- 
Li(Nio.5Mno.5)02. In the rate test, the cell was charged at C/20 to 4.6V, then held at 4.6V for 5 h, 
and finally discharged at different rates. The electrode loading is 0.15 cm2/mg. Figure 5-24 shows 
that despite its larger particle size the rate capability of IE-Li(Nio.5Mno,5)02 is superior over that 
of SS-Li(Nio,5Mno.5)02. While the performance of both materials is similar at low rate, IE- 
Li(Nio.5Mno.5)02 retains much higher capacity at high rates relative to SS- Li(Ni0.5M&5)02. Even 
at a 6C rate, IE-Li(Nio.5Mno.5)02 delivers a discharge capacity of 183rnAhlg. There is no 
published data available for a rate as high as 6C, but comparing to the best electrochemical data 
published for this material so far (135rnAhIg at a 397mA/g rate [3]) confirms that we have 
developed a material with substantially improved performance. 
Figure 5-24 The discharge curve at various C-rates for I E - L ~ ( N ~ O . ~ M ~ ~ . ~ ) O ~  (above) and 
SS-Li(Nio.SMno.5)02 (below). 
For practical applications the trade-off between power (rate) and energy density is important 
and is often represented in a Ragone plot (Figure 5-25). Most Li-battery materials show a 
significant decrease in specific energy as one draws more current from them, making them less 
usefbl in application such as EV (Electric Vehicles), HEV (Hybrid Electric Vehicles) and power 
tools, where high charge and discharge rates are required. Figure 5-25 shows that IE- 
Li(Nio.5Mno.5)02 clearly retains its energy storage capacity even at the very high rate required for 
those applications. At a 6 minutes discharge rate IE-Li(Nio.5Mno.5)02 delivers almost double the 
energy density of SS-Li(Nio.sMna.s)02. 
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Figure 5-25 The Ragone plot for the two samples (only active electrode is included in the 
weight). 
Detailed information on the electrochemical reaction of the electrode can often be obtained 
from dQIdV curve. Figure 5-26 shows dQ/dV curves for each sample as a h c t i o n  of discharge 
rates. It is clearly seen that 4.3 V plateau is pronounced at slow rates in IE-L~(N~o.~MQ.~)O~, 
however, it shifts quickly to lower voltage with increasing rates, while 3.8V plateau is rather 
invariant. This may imply that the 4.3V plateau Li is sluggish due to a higher activation barrier. If 
Li stays at a more stable site due to Li-vacancy ordering as we speculated above, the activation 
barrier for the Li motion usually becomes higher. Similar behavior is observed in LiCoO* system 
[21,32]. 
Figure 5-26 dQ/dV graphs of discharge curves at various C-rates for IE-LiNio.5Mno,502. 
5.2.4.3 Cycle life 
Preliminary cycling tests of the IE-Li(Nio.5Mno.5)Oz are performed in a half cell. A IE- 
Li(Nio,5Mno.s)02 electrode is cycled at 1C (280rnAIg) rate within the voltage window of 4.4-2.5V 
verses L ~ O  in a CCCV (Constant Current and Constant Voltage) mode. The cell is charged with a 
constant current (280mA/g) to 4.4V, held at 4.4V for 1 hour and discharged with a constant 
current (280mAlg) to 2.5V. Initial tests on the capacity retention with full chargeldischarge 
cycling in Figure 5-27 are promising with a fade of 0.6% per cycle for IE-Li(Nio.5Mno.s)02 versus 
0.8% per cycle for SS- IE-Li(Nio.5m.s)02. For comparison, the cycling performance of SS- 
Li(Ni0.5Mn0.5)02 at the same rate is shown as well. Figure 5-27 shows that the first capacity is 
about 1 70mAhlg; much more than SS-Li(Nio.5Mno.5)02. Considering that chargeldischarge 
capacity within that voltage range is about 180-190mAhlg at Cl20 rate, the observed capacity is 
close to the maximum capacity possible. Both materials show a small but similar fade, though the 
relative fade of the IE material is smaller. It is inspiring that IE-Li(Ni0.5m.s)02 shows similar 
capacity fade to SS-Li(Nio,5Mno.5)02 even though the ion exchange process may have left small 
impurities such as residual Li salts or hydroxide on the surface or possible cleavage of the 
material. The capacity retention implies that with proper optimizations IE-Li(Nio.5Mno,5)02 may 
exhibit a better cycle behavior than SS-Li(Nio.s&.5)02. Even after 30 cycles, the IE material is 
far superior to the SS material as shown in Figure 5-27. 
CCCV mode 
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Figure 5-27 (a) Cycling chargeldischarge curves of IE-Li(Nio.5~.s)Oz electrode at 1C 
(280rnAlg) rate within the voltage window of 4.4-2.5V verses ~ i ' .  (b) Specific 
discharge capacity as a function of cycle number at 1C rate in a CCCV mode. 
The electrode loading is 0.1 5cm2/mg. The fade for the IE-Li(Nio.5Mno.5)02 cell 
is 0.58% between cycle 5 and 30. 
5.2.4.4 Safety 
Safety features are also one of the most important aspects in the choice of electrode materials. 
One of the reasons Li(Nia5Mno.5)02 is highlighted as a next generation electrode to replace 
LiCo02 is its superior safety characteristics especially in the highly charged state. When a battery 
is charged to a high potential, the highly oxidized electrode material releases oxygen building up 
the pressure of a cell and/or acts as a catalyst to decompose the electrolyte causing serious safety 
concerns. In this section, we investigate the degree to which IE-Li(Ni0.5Mn0.5)02 holds the 
attractive safety features of its solid state counter part (SS-Li(Nio.sMno.s)02) from some 
preliminary safety measurements on IE-Li(Nio.5Mno.5)02. The TGA results shown here is taken by 
Mr. Tanghong Yi, an exchange graduate student from The University of New Orleans. 
Figure 5-28 shows the TGA results on both samples at highly delithiated state. Delithiated 
samples are prepared in an acetonitrile solution dissolved with appropriate amount of N02BF4. 
Pristine powder in the solution was stirred with a magnetic bar for more than 3 days in Ar. The 
test was performed at 10°C/minute in nitrogen. The test clearly shows that both samples lose 
appreciable weights around 275 to 325 O C  indicating reactions in that temperature range. 
Importantly, the onset temperatures of the reaction is higher for IE-Li(Nio.sMno.5)02 implying its 
safety characteristics should be similar to SS-Li(Nio.5Mno.5)02 or even better. 
Temperature ("c) 
Figure 5-28 TGA measurements of IE-Li(Nio.sm.5)02 and SS-Li(Nio.5~.5)02 at highly 
delithiated state performed by Mr. Tanghong Yi. 
Conclusion 
In conclusion, we have used ab-initio computational modeling to infer that the combined use 
of low-valent transition metal cations and low strain in the activated state are key strategies for 
increasing the rate capability of layered cathode materials, and we have successfully synthesized 
Li(Nio.sMno.5)02 with very little intralayer disordering to optimize those factors. In agreement 
with our theoretical predictions, this novel material retains its capacity at high rates. It needs to be 
pointed out that Co-substitution for Ni and Mn can also be used to reduce the Li/Ni exchange and 
improve rate performance [8, 641, though the use of Co increases cost and reduces the safety of 
the material [158]. While L i ( N i o . 5 ~ . 5 ) 0 2  displays an exciting combination of high rate and high 
capacity, fbrther detailed investigation of several other factors such as thermal stability, cycle life 
and the extra cost of the ion-exchange process will need to be performed before its application in 
commercial products can be considered. If the outcome of such development studies is positive 
Li(Nio.5m.5)0Z would be a potential cathode material for high rate applications. 
Chapter 6 
Conclusion 
This thesis is focused on designing novel electrodes by combining first principles calculations 
directly with experimental efforts. In an initial search on high capacity electrode materials using 
the ~ i ~ + / ~ i ~ +  double redox couple, a new layered Li0.9Ni0.45Ti0.5502 electrode material was 
synthesized by means of ion-exchange from N~.gNio.45Tio.5502. The degree of cation disordering 
in the material depends critically on the synthesis conditions. Higher temperatures and longer ion- 
exchange times induce more cation disordering. It was not expected that the partially disordered 
phase shows better capacity retention than the least disordered phase. First principles calculations 
suggest that the poor capacity retention in the least disordered phase could be attributed to the 
migration of into the Li layer during the electrochemical testing. ~i~ migration depends 
sensitively on the ~ i + ~ - T i + ~  andor ~ i + - T i ~ +  configuration in the transition metal layer. 
In an attempt to fully utilize the ~ i ~ + / N i ~ *  redox couple, LizNi02 in the Immm structure was 
synthesized by a solid-state reaction and its electrochemical behavior upon delithiation was 
evaluated. Stability of Li2Ni02 in the Immrn structure is attributed to the favorable Li 
arrangements compared to the Li2Ni02 structure with octahedral Ni. The material shows a high 
specific charge (320 mAh/g) and discharge capacity (240 mAh/g) indicating ~ i ~ + / N i ~ +  redox 
couple is active in this material. However, the electrochemical data, fust principles calculations 
and EXAFS analysis all indicate that the orthorhombic Imrnm structure is prone to phase 
transformation to a close-packed layered structure during the electrochemical cycling. First 
principles computations of some chemically substituted materials identified Pt substitution as a 
way of stabilizing the Li2(Ni,M)02 composition in the Imrnm structure but found no elements that 
would likely stabilize the material upon Li removal. 
The second part of this thesis focused on designing high rate capable electrode materials. My 
strategy was first to systematically investigate factors influencing the migration barrier for Li 
motion using first principles computational tools, then designlmodify the electrode material based 
on guidelines obtained from the computational studies. The theoretical study revealed two 
dominant effects: Li slab spacing which determines the compressive stress on Li when it is in the 
tetrahedral site, and the electrostatic repulsion Li experiences there from transition metal ions. 
These two effects interact to some extent. A strategy to increase Li difisivity should, therefore, 
focus on reducing these two contributions to the activation energy. The electrostatic interaction 
between Li in the tetrahedral site and the face-sharing transition metal can be engineered using 
low valent cations. It was shown that low valent cations are clearly effective in lowering the 
migration barrier for Li ions in our calculations. In this respect, a material such as 
~ i ( ~ i ~ + o . ~ ~ n ~ + o . ~ ) ~ ~  is particularly interesting. However, this material has been regarded as a poor 
rate capable electrode material in an apparent contradiction to our prediction. I suspected and 
subsequently demonstrated that Li/Ni exchange present in this material is the root cause of the 
poor rate capability and focused my experimental efforts on synthesizing Li(Nio.sMnn.s)Oz with 
minimal Li-transition metal exchange. 
I have successfully synthesized Li(Nio.s&.s)Oz with very minimal intralayer disordering 
using a soft chemical route. In agreement with our theoretical predictions, it retains capacity at 
high rates. The rate capability tests show that even at a 6C discharge rate (LC= 280rnAlg) it can 
deliver over 18OmAh/g while the best electrochemical data published thus far for this material 
shows that it can deliver only 1301nAhIg at a 2C rate. Electron microscopy shows that the particle 
size of this material is about two times larger than conventional Li (Nio .s~ .5)02 .  This suggests 
that with proper engineering optimization in processing (i.e. synthesis temperature, time etc.) this 
material can show even better rate capability. 
Since we understand what dominates the Li mobility in 0 3  type layered structure, there may 
many ways to further enhance Li mobility. Rapid Li diffusion will be possible if a large number 
of paths close to low valent cations are available. Since the average valence of transition metal 
species should be 3, more cations with low valence can reside in the transition metal layer if using 
small amount of high valent cations with 5+ or 6+ valence, such as in L ~ N ~ ~ + ~ ~ ~ M ~ + ~ ~ ~ o ~  and 
~ i ~ i ~ + ~ ~ ~ ~ ~ ' ~ ~ 4 0 ~ .  The Li slab distance can also be engineered, (i.e. by inserting immobile and 
chemically inert species that can reside in the Li layer). The study on Li mobility can be expanded 
to other type of structures. Factors proving crucial in this study are likely to govern Li mobility in 
other structures as well, thus a similar approach can be applied. Also, general understanding of Li 
mobility in oxide systems may lead to a discovery of a new material with fast Li diffbsion. 
My approach of directly integrating first principles methods with experimental works is 
rather unconventional. Taking advantage of the merits of each tool greatly helped me understand 
the physics behind new phenomenon and identify novel electrode materials with high efficiency. 
The iterative practice of computational tools and experimental tools presented ways to solve 
problems whenever either of the tools alone was insufficient. Sometimes, computational 
investigations of certain properties led to a creative idea that could be realized in the experiments. 
I strongly believe that this kind of approach, integrating theoretical studies using ab-initio 
computations with experimental investigation, holds promise for developing advanced materials, 
and may be an efficient way to conduct research in many other fields in the future. 
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